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Chapter 1 
Introduction 
Organometallic chemistry, which involves metal complexes containing 
direct metal-to-carbon bonds, has grown since the early 1950s at an almost 
exponential rate, mostly owing to the development of an impressive array of 
highly sophisticated apparatus of which in particular NMR and single-crystal X-ray 
equipments have been invaluable.1 Theoretical studies of the bonding in metal 
compounds and of the course of reaction pathways have not only contributed to 
new knowledge, but also to the purposeful design of complexes and their use in 
stoichiometric and catalytic reactions. 
Although fortunate surprises do occur frequently, our theoretical 
knowledge has increased to a level where we have a deep insight into the steric 
and electronic properties of ligands and of their complexes. Therefore, we are 
now, to a certain extent, able to design ligands and to control reactions occurring 
on metal centers in complexes. 
As this thesis is concerned with the preparation and properties of new 
transition-metal complexes containing new multifunctional ligands involved in the 
carbonylation of methanol, we will discuss in this introduction some historical 
aspects of carbonylation reactions and some recent developments in the 
carbonylation of methanol. Finally, we will present the scope and the aims of this 
thesis. 
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1.1 Historical Aspects of Carbonylation Reactions 
Homogeneous carbonylation catalysis is concerned with the transition-
metal-assisted addition of carbon monoxide to organic compounds and involves a 
carbon-carbon coupling process to give higher molecular weight carbonyl-
containing products. Carbonylation chemistry was pioneered by Otto Roelen 
(Ruhrchemie) and Walther Reppe (IG Farben, later BASF) in the late 1930s.2 
Since then it has developed into the highest volume and most important industrial 
process based on homogeneous catalysis.  
The first thirty years of industrial carbonylation catalysis implied the use of 
simple metal carbonyl catalysts, high reaction temperatures and pressures, and 
only low product selectivities. Significant cost advantages resulted from the use of 
carbon monoxide (derived from natural gas) and of low-priced methanol (from 
synthesis gas) as feedstocks. A first methanol-to-acetic acid carbonylation process 
was commercialized in 1960 by BASF. It used an iodide-promoted cobalt catalyst, 
and required very high pressures (600 atm) as well as high temperatures (230°C), 
but gave acetic acid in ca. 90% selectivity.2 
 The situation changed in the mid-sixties with the discovery that 
organophosphine-substituted rhodium and palladium complexes are active 
catalysts for carbonylation reactions under milder reaction conditions. The 
serendipitous discovery of Rh(PPh3)3Cl by Osborn and Wilkinson,3,4 which was 
used as a catalyst for the hydroformylation of alkenes but also for the 
hydrogenation of alkenes,5 has stimulated a tremendous amount of fundamental 
and applied research in this area. 
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1.2 Recents Developments in the Carbonylation of Methanol 
A major advance came in 1966 with the discovery of rhodium-iodide 
catalysts for the carbonylation of methanol by Monsanto, which led to the start-up 
of the first commercial unit in 1970. The advantages over the cobalt-catalyzed 
BASF process consist in significantly milder conditions (30-60 atm pressure and 
150-200°C), allowing substantial savings in construction costs and hence in capital 
expenditure, and in higher selectivity for acetic acid, making further savings on 
both running and capital costs. The disadvantage of using rhodium, a costly 
precious metal, is counter-balanced by lower operating costs, especially as milder 
reaction conditions decrease the corrosion risk due to the aggressive reaction 
medium (acetic acid, iodic acid).6 
CH3OH +
[Rh(CO)2I2]
-
CO CH3COOH 
In 1986, the ownership of the Monsanto technology was acquired by BP 
Chemicals who further developed the process and licensed it around the world. In 
1996, a new catalytic process for the carbonylation of methanol to acetic acid 
named CativaTM was announced by BP Chemicals; this process is based on a 
catalyst system composed of iridium complexes with ruthenium activators.6 
1.3 Scope and Aims of this Work 
 The research of our group has focused on the build-up of metal clusters, in 
particular, mixed-metal carbonyl clusters for the carbonylation of methanol. The 
cluster anions [Ru3Ir(CO)13]- and [Os3Ir(CO)13]-, which were prepared for this 
process, are indeed catalytically active, but unstable under the reaction conditions, 
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which has been confirmed by the isolation of the fragmentation products 
Ir4(CO)12 and [N(PPh3)2][M(CO)3I3] (M = Ru, Os).7-9 
In this context, we were interested in the behavior of other types of 
complexes stabilized by multifunctional ligands. Therefore, it was the aim of this 
thesis to synthesize new multifunctional ligands, to study their coordination 
properties and to exploit their catalytic potential for the carbonylation of 
methanol.  
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Chapter 2 
The Catalytic Carbonylation of Methanol:  
State of the Art 
Carbonylation catalysis encompasses a large and important area of 
chemistry. The majority of carbonylation reactions is carried out in homogeneous 
phase, because homogeneous catalysts generally give higher rates and selectivities 
than heterogeneous systems.  
 Apart from the carbonylation of methanol, we can quote other catalytic 
carbonylation reactions: The hydroformylation of olefins to give aldehydes and 
alcohols, which is the most important homogeneous catalytic process on the 
industrial scale,2 the synthesis of ketones from olefins and the synthesis of 
lactones and lactams from olefins or halide-containing alcohols.10 The production 
of carboxylic acids, carboxylic esters and acyl halides from methanol is the second 
most important industrial homogeneous catalytic process.11,12 
2.1  Chemicals from Methanol and Carbon Monoxide 
Methanol is a versatile, readily available C1 compound obtained from 
synthesis gas. Large-scale industrial methanol production from CO/H2 started up 
in 1925 by BASF using a ZnO/Cr2O3 catalyst.13,6 At present, methanol still is 
produced almost exclusively from synthesis gas (a mixture of H2, CO and some 
CO2) in a gas-phase reaction over copper-based catalysts such as Cu/ZnO/Al2O3 
or Cu/ZnO/Cr2O3 at temperatures ranging from 200 to 270°C and pressures 
from 50 to 100 bar, according to Eq. 1.        
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CH3OHCO  +  2 H2 (1)  
The present methanol production capacity has been reported to be 21 
million tons/years, while the actual demand is only in the range of 12 million 
tons/years.6 This overcapacity is mainly due to the set-up of new plants, where 
surplus natural gas is available at a very low price.14 The ready supply as well as the 
low raw material costs will keep the price of methanol down in the near future. 
This will stimulate the demand of methanol and will help to introduce new 
methanol-based processes for motor fuels as well as for basic organic chemicals.15 
The present industrial uses of methanol include the production of 
formaldehyde, methyl esters, methyl amines and methyl halides. In addition, 
methanol and its derivatives find an increasing interest as substrates for 
carbonylation and dehydration reactions, which are summarized in Scheme 1.  
 
CH3OH
CO
CO
CO / H2
CO / O2
CO / H2
1) - H2
- H2O
2) CO / H2
HCO2CH3
CH3CHO, CH3CH2OH
(CH3O)2CO, (CH3O2C)2
HOCH2CHO, HOCH2CH2OH
CH3OCH3, olefins, aromatics
CH3CH(O2CCH3)2, CH2CHO2CCH3
CH3CO2H, CH3CO2CH3, (CH3CO)2O
("methanol-to-gasoline")  
Scheme 1: Summary of industrial methanol conversion reactions 
State of the Art 
 
Some of these processes have already been used for the commercialization 
of acetic acid, acetic anhydride, or methyl formate. In addition there is a variety of 
carbon monoxide-based reactions which convert methanol mainly into C2 
oxygenated compounds. These can potentially replace ethylene-based routes, e.g. 
in the case of ethanol, acetaldehyde, vinyl acetate, and ethylene glycol. With 
methanol from cheap natural gas becoming available in the near future, these 
processes, although uneconomic today, might become industrially attractive. 
2.2 The Transition Metal Catalyzed Carbonylation of Methanol 
While the base-catalyzed carbonylation of methanol yields methyl formate, 
a versatile intermediate for formic acid and formamide synthesis, the transition 
metal catalyzed carbonylation of methanol involves C-C coupling, giving acetic 
acid derivatives as C2 oxygenates. 
Vinyl acetate 
monomer 
Cellulose acetate / 
Acetic anhydride 
Others 
s Acetate  ester7
 
Figure 1: Use of acetic acid 
Purified 
terephthalic acid 
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As shown in Figure 1, acetic acid is used primarily as a raw material for 
vinyl acetate monomer (VAM) and acetic anhydride synthesis, and as a solvent for 
purified terephthalic acid (PTA) production.16 
Acetic acid is an important industrial commodity chemical, with a world 
demand of about 6 million tons per year and many industrial uses. Novel acetic 
acid processes and catalysts have been introduced, commercialized, and improved 
continuously since the 1950s. The objective of the development of new acetic acid 
processes has been to reduce raw material consumption, energy requirements, and 
investment costs. At present, industrial processes for the production of acetic acid 
are dominated by methanol carbonylation and the oxidation of acetaldehyde or of 
hydrocarbons such as ethylene, n-butane, and naphtha.  
Table 1: Industrial routes to acetic acid 
 
Method Catalyst Conditions Yield 
 
Methanol 
Carbonylation 
Rhodium or 
Iridium complexes 
180-220 °C  
30-40 bar 
99% 
Acetaldehyde 
Oxidation 
Manganese or cobalt 
acetate 
50-60 °C 
1 bar 
95% 
Ethylene 
Direct 
Oxidation 
Palladium/copper/ 
heteropolyacid 
150-160 °C  
80 bar 
87% 
Hydrocarbon 
Oxidation 
Manganese or cobalt 
acetate 
150-230 °C  
50-60 bar 
50% (n-butane) 
40% (naphtha) 
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Originally, acetic acid was produced by aerobic fermentation of ethanol, 
which is still the major process for the production of vinegar. The first major 
commercial process for the production of synthetic acetic acid was based on the 
oxidation of acetaldehyde. In an early process for the conversion of acetylene to 
acetaldehyde, introduced in 1916 in Germany and used in China until recently, an 
organo-mercury compound was used as the catalyst. The toxicity of the mercury 
catalyst resulted in significant environmental pollution, and consequently, the 
process was essentially replaced by alternative routes. As the petrochemical 
industry developed in the 1950s, the raw material for the production of 
acetaldehyde shifted from acetylene to ethylene. Other processes for the 
production of acetic acid, introduced in the 1950s and 1960s, were based on the 
oxidation of n-butane or naphtha. The major producers of acetic acid via direct 
oxidation of hydrocarbons were Celanese (via n-butane) and BP (via naphtha). 
However, these reactions also produce significant amounts of oxidation by-
products, and their separation can be very complex and expensive.17-20 
 
Figure 2: Acetic acid process routes 
Methanol 
carbonylation 
Naphtha or NGLs 
oxidation 
Ethylene or Acetaldehyde 
oxidation 
Carbohydrates 
fermentation 
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Nowadays, approximately 60 per cent of the total world acetic acid 
manufacturing capacity is covered by the carbonylation of methanol. From the 
industrial point of view, one of the major achievements of applied homogeneous 
catalysis has been the introduction of methanol-to-acetic-acid processes via the 
carbonylation of methanol, which are not only highly selective, but also allow the 
use of methanol as a cheaper feedstock as compared to ethylene. The 
carbonylation of methanol is catalysed by Group VIII transition metal complexes, 
especially by rhodium, iridium, cobalt, and nickel.21-25 
CH3COOHCH3OH  +  CO
CH3COOCH3  +  H2OCH3COOH  +  CH3OH
(2)
(3)  
All methanol carbonylation processes need iodine compounds as essential 
co-catalysts, the reaction proceeding via methyl iodide, which alkylates the 
transition metal involved. Apart from acetic acid, the carbonylation of methanol 
(Eq. 2) gives also rise to the formation of methyl acetate, according to Eq. 3. In 
some carbonylation processes (CativaTM), methyl acetate is also used as a solvent. 
The cobalt-catalysed BASF process was introduced in the late 1950s, and the 
rhodium-based Monsanto process followed in the early seventies. As it is evident 
from Table 2,26-28 rhodium catalysts operate at very mild conditions and with very 
high selectivities, as compared to cobalt or nickel catalysts. It is therefore not 
surprising that most commercial plants now use the rhodium-based Monsanto 
process. Meanwhile, the worldwide capacity for acetic acid from methanol is well 
over 1 000 000 tons/years and is expected to increase further.16 
State of the Art 
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Table 2: Acetic acid production by carbonylation of methanol 
 
Catalyst Temperature (°C) Pressure (bar) Selectivity (%) 
 
Rh2O3/HI 175 1-15 99 
Co(OAc)2/CoI2 250 680 90 
Ni(CO)4/MeI/LiOH 180 70 84 
 
Typical side reactions of the methanol carbonylation to acetic acid (Eq. 2) 
are the formation of methyl acetate, methyl formate, dimethyl ether and the water-
gas shift reaction, the formation of methyl acetate (Eq. 3) being the most 
important one. These reactions are equilibria, which can be controlled by reaction 
conditions, catalyst metals, ligands, promoters, and solvents. 
2.2.1  Cobalt Catalysts 
Cobalt catalysts were used in the classical BASF process. The lower activity 
of Co catalysts as compared to rhodium catalysts requires a high catalyst 
concentration of about 0.1 M. The selectivity reaches 90%, based on methanol. 
By-products are methane, acetaldehyde, ethanol and ethers. HCo(CO)4 is 
supposed to be the active species, and it is formed according to Eq. 4 and 5.27 
2 CoI2  +  2 H2O  +  10 CO Co2(CO)8  +  4 HI  +  2 CO2
2 HCo(CO)4  +  CO2Co2(CO)8  +  H2O  +  CO
(4)
(5)  
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The assumption of hydrido cobalt carbonyl as the active species is in 
agreement with the observation that small amounts of H2 enhance the catalytic 
activity. The mechanism proposed is shown in Scheme 2.27 
CH3COI
CH3COOH
H2O
HI
CH3I
CH3OH
CO
HCo(CO)4
CH3Co(CO)4
CH3COCo(CO)3
CH3COCo(CO)4
H2O I-
 
Scheme 2: Catalytic cycle of the cobalt-catalyzed methanol  
carbonylation (BASF process) 
The role of iodine is not restricted to the formation of alkyl iodides, which 
act as alkylating agents, but also includes the cleavage of the acyl intermediate via 
the formation of acetyl iodide.29 Given that, in this process, the rate depends on 
the carbon monoxide pressure, high pressures of 600-700 bar are required for 
good conversion. Slightly lower pressures are possible in the presence of Ru, Ir, 
Pd, Pt, or Cu salts as activators.30,31 Cobalt catalysts can also be used for the 
carbonylation of higher alcohols, such as benzyl alcohol.32 
State of the Art 
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2.2.2  Nickel Catalysts 
Nickel carbonyl, as well as a variety of nickel compounds, is also 
catalytically active for the carbonylation of methanol in the presence of iodine. 
Ni(CO)4 is formed from NiI2 according to Eq. 6.33 
NiI2  +  H2O  +  5 CO Ni(CO)4  +  2 HI  +  CO2 (6)  
The hydrogen iodide formed in Eq. 6 is used to transform the alcohol into 
an alkyl halide, which adds oxidatively to nickel, as described in Scheme 3.34 The 
resulting acetyl iodide is hydrolyzed either by water or alcohols. Usually nickel 
catalysts require rather high pressure and temperature conditions.35 However, with 
high methyl iodide concentrations, carbonylation occurs already under milder 
conditions.28 If the molar ratio of CH3I to CH3OH is at least 1 : 10, pressures as 
low as 35 bar can be applied at 150°C, using Ni(OAc)2 · 4H2O and Ph4Sn as 
catalyst system.36 Vapor phase carbonylation of methanol using supported nickel 
metal catalysts has also been reported.37  
The activity of nickel catalyst systems can be increased, and the volatility of 
nickel carbonyl compounds can be lowered by the introduction of stabilizers such 
as phosphines, alkali metals, tin, and molybdenum.38-42 The active catalysts are 
thought to be Ni(0) complexes. In the case of phosphine-containing nickel 
catalysts, 14-electron species such as Ni(PR3)2 are considered as catalysts, in 
addition to Ni(CO)4 observed in all cases; the concentration of the latter species is 
reduced by strongly coordinating ligands or enhanced by weakly coordinating 
ligands.42  
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CO
CH3COI
2 CO
CH3I
2 CO
Ni
CO
OC
OC
CO
Ni
CH3
OC
OC
I
Ni
COCH3
OC
OC
I
 
Scheme 3: Catalytic cycle of the nickel-catalyzed  
methanol carbonylation 
Recent work on nickel catalyst systems shows that reaction rates and 
selectivities can approach those achieved in the rhodium catalyst system. Although 
nickel catalysts have the advantage of being much cheaper than rhodium and are 
easy to stabilize at low water concentrations, no commercialization has been 
achieved to date, since Ni(CO)4 is a very toxic and volatile compound. 
2.2.3  The Rhodium-Based Monsanto Catalyst 
The production of acetic acid by the Monsanto process is based on a 
rhodium catalyst and operates at a pressure of 30 to 60 bar and at temperatures of 
150 to 200ºC. The process gives selectivity of over 99 per cent based on methanol. 
The catalytic cycle of this classic example of a homogeneous catalytic reaction 
consists of six steps (Scheme 4).43 The cycle includes several of the main reaction 
types known in organometallic chemistry,44 such as oxidative addition, ligand 
State of the Art 
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migration, CO insertion, and reductive elimination. These types of elementary 
steps have been examined separately in a number of experimental and theoretical 
studies.45-48 Systematic studies including a detailed inspection of full catalytic cycles 
are much rarer.49-51 The catalytic cycle of methanol carbonylation was proposed43 
on the base of selected data on structures of reactants and intermediates which 
have been identified by X-ray crystallography,25 infrared and NMR spectroscopy 
(Scheme 4).52  
Rh
CO
I
I
CO
Rh
CO
I
I
CO
CH3
I
Rh
COI
CO
I
I
CH3
Rh
CO
OC
I
CO
I
I
CH3
CH3COI
CH3COOH
H2O
HI
CH3I
CH3OH
CO
A
B
C
D
-
-
-
-
Oxidative Addition
MigrationLigand Addition
Reductive Elimination
 
Scheme 4: Catalytic cycle of the rhodium-catalyzed methanol 
carbonylation (Monsanto process) 
The anion cis-[Rh(CO)2I2]- (A) was found to be the initial catalytically active 
species.43 Its interaction with the substrate CH3I results in the formation of the 
hexacoordinated complex [(CH3)Rh(CO)2I3]- (B),52 which is kinetically unstable; it 
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transforms into the isomeric pentacoordinated acetyl complex 
[(CH3CO)Rh(CO)I3]- (C) as a result of the migration of the methyl group to the 
CO ligand.53 The rhodium acetyl complex C is the only stable intermediate of the 
catalytic cycle;25 it was isolated, and its structure was determined by X-ray 
crystallography.54,55 The rhodium acetyl anion C was found to form dimers 
through a very weak Rh-I-Rh bridge [with a rhodium-iodine distance of 3.0 Å, as 
compared to 2.7 Å commonly found for Rh-I bonds55]. Complex C reacts rapidly 
with CO to form the six-coordinated dicarbonyl complex D with terminal CO.55 
This species has been characterized by IR and NMR spectroscopy as a mer 
isomer.56 An isomerization to a fac isomer was proposed to facilitate the 
subsequent elimination of CH3COI.56 The fac isomer decomposes at room 
temperature to yield acetyl iodide CH3COI and [Rh(CO)2I2]-; the latter species 
starts the next catalytic cycle. Finally, acetic acid is formed by acetyl iodide 
hydrolysis.  
2.2.4  Mechanistic Studies of the Rhodium-Catalyzed Process 
Kinetic investigations have confirmed the catalytic cycle depicted in 
Scheme 4. The rate of methanol carbonylation depends on the concentrations of 
both the rhodium complex and methyl iodide.57 The reaction rate is independent 
of the methanol concentration and the carbon monoxide pressure. The rate-
determining step is probably the oxidative addition of methyl iodide to the metal 
center of the rhodium complex A, because the reaction rate is essentially of first 
order in both catalyst and methyl iodide concentrations under normal reaction 
conditions. 
State of the Art 
 17
A substantial amount of water (14 - 15 wt.%) is required to achieve high 
catalyst activity and also to maintain good catalyst stability.49-52 In fact, if the water 
content is less than 14-15 wt.%, the rate-determining step becomes the reductive 
elimination of the acetyl species, from catalyst species D. However, as rhodium 
also catalyzes the water-gas shift reaction (Scheme 5), the side reaction leading to 
CO2 and H2 is significantly affected by water and hydrogen iodide concentration 
in the reaction liquid.58,59 
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Scheme 5: Catalytic cycle of the water-gas shift reaction as side-reaction 
in the rhodium-catalyzed methanol carbonylation 
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Propionic acid is observed as the major liquid by-product in this process. 
This is produced by the carbonylation of ethanol which is often present as a 
minor impurity in the methanol feed. However, alternative routes to propionic 
acid must also be operating, since more propionic acid is observed than what can 
be accounted for by ethanol contamination of the feedstock. The rhodium catalyst 
can also generate acetaldehyde, which is supposed to undergo reduction by 
hydrogen to give ethanol, which subsequently yields propionic acid. One possible 
precursor for the generation of acetaldehyde is the rhodium-acetyl species, D, 
shown in Scheme 4.59 Reaction of D with hydrogen iodide would yield 
acetaldehyde and [Rh(CO)I4]-. The latter species is well known in this system and 
is postulated as the principal cause of catalyst loss by precipitation of inactive 
rhodium triiodide.59 However, under the commercial operating conditions of the 
original Monsanto process, these trace compounds do not present a problem to 
either product yield or product purity.  
2.2.5  Heterogenized rhodium catalysts 
In order to overcome the limitations of the homogeneous catalyst system 
(e.g. catalyst separation), the immobilization of rhodium complex on a support has 
been the subject of considerable research. Active carbon was investigated as a 
possible support and proposed for vapor-phase operation.17,60 However, reaction 
rate and selectivity were poorer than with homogeneous catalysts. Inorganic 
oxides and zeolites were also studied as catalyst supports for use in vapor-phase 
operation.61,62  
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Scheme 6: Supporting the rhodium catalyst on a divinylbenzene-derived polymer 
For example, attaching the Rh-phosphine ligand complex to alumina by 
silylation was attempted.63,64 The resultant reaction rates for these catalysts were 
also found to be lower than those observed for the homogeneous system. To 
increase catalyst activity for operation in the liquid phase, ion exchange resins 
based on cross-linked polystyrene and incorporating pendant phosphines, or vinyl 
pyridine co-polymers have been evaluated (Scheme 6).65-67 
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Scheme 7: Synthesis of a copolymer derived from vinyl pyridine and vinyl acetate 
Although the activity of these catalysts in the liquid phase was comparable 
to Monsantos homogeneous catalyst, there were problems with rhodium metal 
leaching from the resins and the decomposition of the resins during operation at 
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elevated temperature. Vinyl pyridine resin was known to be more robust and more 
thermostable than polystyrene resins (Schemes 7 and 8).68 
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Scheme 8: Supporting the rhodium catalyst on copolymer derived from vinyl 
pyridine and vinyl acetate 
Furthermore, Chiyoda introduced novel pyridine resins and catalysts that 
exhibited high activity, long catalyst life, and no significant rhodium loss.69-71 
Based on this heterogeneous rhodium catalyst, Chiyoda and UOP (Universal Oil 
Products) have jointly developed an improved methanol carbonylation process, 
called Acetica process, for the production of acetic acid. Until the recent 
development of a commercial heterogeneous rhodium catalyst system by Chiyoda, 
no successful demonstration of such a catalyst had been known.17 The 
heterogeneous catalyst commercialized for the Acetica process consists of 
rhodium complexed on a novel polyvinyl pyridine resin72 which is tolerant of 
elevated temperatures and pressures. Under these reaction conditions, the 
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rhodium system is converted to its catalytically active anion form [Rh(CO)2I2]-. 
Furthermore, the nitrogen atoms of the resin pyridine groups become positively 
charged after quaternization with methyl iodide. Thus, after counterion exchange, 
the active anionic rhodium complex [Rh(CO)2I2]- is blocked in the positive 
polymeric matrix by strong electrostatic interactions, as shown in Scheme 9. 
N
CH3
N
CH3I-
+       [Rh(CO)2I2]-
[Rh(CO)2I2]-
+      I-
active form 
(high CO pressure)
stand-by state
++
 
Scheme 9: Equilibrium between the active form and the stand-by state of the 
supported catalyst in the Acetica process 
The concentration of rhodium on the solid phase is determined by the ion 
exchange equilibrium. Because equilibrium strongly favors the solid phase, 
virtually all the rhodium in the reaction mixture is immobilized. In the Acetica 
process, the methanol carbonylation reaction is conducted at moderate 
temperature (160-200°C) and pressure (30-60 bar) and at low water concentration 
without any additives. The catalyst exhibited no deactivation after continuous 
operation for more than 7000 h.72  
With homogeneous methanol carbonylation routes, acetic acid productivity 
is directly proportional to the catalyst concentration in the reaction liquid, and as a 
consequence, the acetic acid production is restricted by the solubility of the active 
metal. Only limited success has been achieved in improving the catalyst solubility 
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by increasing the water concentration or by adding iodide salt stabilizers,73-76 
because both additives give rise to increased recycling costs, higher corrosion rates 
and separation problems. Immobilization of the catalyst significantly reduces the 
loss of expensive rhodium metal, because the catalyst is confined to the reactor 
rather than circulating downstream, where reduced pressures may cause losses of 
the catalyst by precipitation of rhodium or evaporation of volatile rhodium 
carbonyl compounds. The lower water content of 3-7 wt.%, typical of the Acetica 
process, results in reduced production of CO2 and of hydrogenated by-products 
via the water-gas shift reaction. The lower water content also reduces the 
concentration of HI and thus the corrosion risk. 
2.2.6  The CativaTM Iridium Catalyst for Methanol Carbonylation 
The potential use of iridium instead of rhodium was identified as part of 
the early work done by Monsanto.25,26,40 However, the reaction rate exhibited by 
the rhodium catalyst system was superior to that of iridium. Recently, it was 
disclosed that an improved iridium catalyst, in combination with a promoter metal 
such as ruthenium, has higher activity and selectivity than reported in previous 
iridium systems.77 The production of acetic acid using the iridium catalyst system 
has been commercialized in 1996 by BP-Amoco in two large-scale plants to date, 
and has received wide publicity as the Cativa process. Although much more 
iridium is required to achieve an activity comparable to the rhodium catalyst-based 
processes, the catalyst system is able to operate at reduced water levels (less than 8 
wt.% for the Cativa process versus 14-15 wt.% for the conventional Monsanto 
process). Thus, lower by-product formation and improved carbon monoxide 
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efficiency are achieved, and steam consumption is decreased. Until the early 
1990s, the difference in the prices of rhodium (17 $/g) and iridium (2 $/g) was the 
driving force for replacing rhodium by iridium. However, current price increases 
for iridium (16 $/g) negate the advantage in catalyst price. 
One of the major advantages of the iridium-based process was the high 
stability of the iridium catalyst species.78 Its robustness at low water 
concentrations (0.5 wt.%) is particularly significant and ideal for optimisation of 
the methanol carbonylation process. The iridium catalyst was also found to remain 
stable under a wide range of conditions that would cause the rhodium analogues 
to decompose completely to inactive and largely unrecoverable rhodium salts. 
Besides this stability, iridium is also much more soluble than rhodium in the 
reaction medium, and thus higher catalyst concentrations can be obtained, making 
much higher reaction rates achievable.  
The unique differences between the rhodium and iridium catalytic cycles in 
methanol carbonylation have been investigated.79 The anionic iridium cycle, 
shown in Scheme 10, is similar to the rhodium cycle, but contains several 
differences, responsible for the advantages of the CativaTM over the Monsanto 
process. Model studies have shown that the oxidative addition of methyl iodide to 
the iridium center is about 150 times faster than the analogous reaction with 
rhodium.79 This represents a dramatic improvement in the available reaction rates, 
as this step is now no longer rate-determining (as in the case of rhodium). 
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Scheme 10: Catalytic cycle of the iridium-catalyzed methanol  
carbonylation (Cativa process) 
The slowest step in the iridium cycle is the subsequent migratory insertion 
of CO to form the iridium-acyl species, G, which involves the elimination of ionic 
iodide and the coordination of an additional CO ligand. The inverse rate 
dependence upon the concentration of ionic iodide suggests that very high 
reaction rates should be achievable by operating at low iodide concentrations. It 
also suggests that the inclusion of species capable of assisting in removing iodide 
should promote the rate-limiting step. Promoters for this system fall within two 
distinct groups: simple iodide complexes of zinc, cadmium, mercury, gallium and 
indium,80 and carbonyl-iodo complexes of tungsten, rhenium, ruthenium and 
osmium.81,82 
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2.2.7  Mechanistic Studies of the Iridium-Catalyzed Process 
The kinetics of the CativaTM process are in accordance with the mechanism 
shown in Scheme 10. The effect on the reaction rate of adding five molar 
equivalents of promoter to one equivalent of the iridium catalyst is shown in 
Table 3.  
Table 3: Effect of various additives on the rate for the iridium-catalysed carbo-
nylation of methanol from batch autoclave data 
 
Runs Additive Molar ratioa Rate [mol/l/h] 
 
1 None - 8.2 
2 LiI 1:1 4.3 
3 Ru(CO)4I2 5:1 21.6 
4 Os(CO)4I2 5:1 18.6 
5 CdI2 5:1 14.7 
6 InI3 5:1 14.8 
7 InI3/Ru(CO)4I2 5:1:1 19.4 
8 Ru(CO)4I2 1:0 0 
 
a molar ratio of additive to [Ir(CO)2I2]- 
A combination of promoters may also be used. None of these metals are 
effective as carbonylation catalysts in their own right, but all are effective when 
used in conjunction with an iridium complex. The presence of a promoter leads to 
a substantial increase in the proportion of active anionic species 
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[(CH3)Ir(CO)2I3]-, F, and a substantial decrease in the loss of iridium, by the 
formation of inactive [Ir(CO)3I3] and [Ir(CO)2I4]- species, which are intermediates 
in the water-gas shift reaction (Eq. 7 and 8). A proposed mechanism for the 
promotion of iridium catalysis by a metal promoter M(CO)xIy, is given in Scheme 
11. 
[Ir(CO)2I2]
-  +  2 HI [Ir(CO)2I4]
-  +  H2
Ir(CO)3I3  +  I
-[Ir(CO)2I4]
-  +  CO
(7)
(8)  
The promotion is thought to occur via direct interaction of promoter and 
iridium species as shown. The rate of reaction is dependent upon the loss of 
iodide from [(CH3)Ir(CO)2I3]-. These metal promoters are believed to reduce the 
standing concentration of I-, thus facilitating the loss of iodide from the catalytic 
species. It is also postulated that carbonyl-based promoters may then go on to 
donate CO in further steps of the catalytic cycle.  
CH3CO2CH3 (CH3OH)[(CH3)Ir(CO)2I2(solvent)]
[(CH3)Ir(CO)2I3]-[H]+
[M(CO)xIy+1]
-[H]+
[M(CO)xIy(solvent)] CH3I + CH3CO2H (H2O)
 
Scheme 11: Implication of metal promoters [such as Ru(CO)4I2] in the 
iridium-catalyzed methanol carbonylation (Cativa process) 
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2.2.8  Comparison between Monsanto and CativaTM Systems 
For the rhodium system the rate of the carbonylation reaction is dependent 
only upon the concentrations of rhodium and methyl iodide. However, the 
situation is more complex for the promoted iridium system.  
(a) Water concentration. For the rhodium-catalyzed system, a decline in 
carbonylation rate is observed, as the water content is reduced below 8 wt.%. 
There are several possible explanations for this observation, one of which being 
the build-up of the inactive [Rh(CO)2I4]- species formed in the water-gas shift 
cycle at lower water concentrations, which is a precursor for the formation of 
insoluble RhI3. Another explanation for the decline in the carbonylation rate is the 
change of the rate-determining step in the catalytic cycle from the oxidative 
addition to the reductive elimination (attack by water). This is consistent with the 
increased amount of acetaldehyde-derived by-products in a low-water 
concentration rhodium system, as the rhodium-acyl species, D, is longer lived. At 
lower water concentrations, the addition of ionic iodides (especially of alkali metal 
iodides) to the process has been found to stabilize the rhodium catalysts and to 
sustain the reaction rate by inhibiting the water-gas shift cycle, inhibiting the 
formation of [Rh(CO)2I4]- and its degradation to RhI3, and by promoting the 
oxidative addition step of the catalytic cycle.83-86 However, there is also a drawback 
in the lithium-promoted rhodium system: the acetaldehyde is not scavenged 
sufficiently by the catalyst system to form propionic acid and therefore the 
concentration of acetaldehyde increases, condensation reactions occur and higher 
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non-acidic compounds and iodide derivatives are formed, for example hexyl 
iodide. Further purification steps are then required.87 
For the CativaTM system, in contrast to the Monsanto system, the reaction 
rate increases with decreasing water content. A maximum value is reached at 
around 5 wt.%, and the iridium species observed are [Ir(CO)2I4]- (the inactive 
species which is formed in the water-gas shift cycle) and [(CH3)Ir(CO)2I3]- (the 
active species in the anionic cycle). When the water concentration falls below 5 
wt.%, the carbonylation rate declines, and the neutral active species Ir(CO)3I 
and the corresponding inactive water-gas shift species Ir(CO)3I3 are observed. 
 (b) Methyl acetate concentration. In the rhodium system, the carbonylation rate 
is independent of the methyl acetate concentration over a whole range of reactor 
compositions and process conditions.88 By contrast, the CativaTM system displays 
a strong rate dependence on the methyl acetate concentration, and the methyl 
acetate concentrations can be increased to far higher levels than in the rhodium 
system, leading to high reaction rates. 
(c) Methyl iodide concentration. The reaction rate for CativaTM has a reduced 
dependency on the methyl iodide concentration, as compared to the rhodium 
system. This is consistent with the fast rate of oxidative addition of methyl iodide 
to [Ir(CO)2I2]- giving [(CH3)Ir(CO)2I3]-.89 
(d) CO partial pressure. The effect of CO partial pressure in the CativaTM 
process is more pronounced than for the Monsanto process, the conversion being 
suppressed at pressure below 8 bars when operating in the ionic cycle.90 
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(e) Poisoning effects. In contrast to the Monsanto process, the CativaTM 
process is easily poisoned by metals like iron and nickel, which inhibit the iodide 
loss step in the carbonylation cycle (Scheme 9). 
2.3 Ligand-Accelerated Catalysis 
The migratory insertion reaction of CO into metal-alkyl bonds is a 
fundamental step in the metal iodide-catalyzed carbonylation of methanol to acetic 
acid (and also in hydroformylation reactions).91 The original [Rh(CO)2I2]- catalyst, 
developed at the Monsanto laboratories92,25 and studied in detail by Forster and 
co-workers,25,29,43 is largely used for the industrial production of acetic acid and 
anhydride. However, the conditions used industrially (30-60 bar pressure and 150-
200°C)57 have spurred the search for new catalysts, which could work in milder 
conditions.52,79,93-100 The rate-determining step of the rhodium-based catalytic 
cycle is the oxidative addition of CH3I, so that catalyst design focused on the 
improvement of this reaction.  
The basic idea was that ligands which increase the electron density at the 
metal should promote oxidative addition, and consequently increase the overall 
rate of the reaction. For this purpose, other rhodium compounds have been 
synthesized in the last years, and they have been shown to be active catalysts of 
comparable or better performance as compared to the Monsanto catalyst.93,97,101,102 
The most important class of these rhodium complexes are those containing simple 
phosphine ligands such as PEt3,98 or diphosphine ligands of the type PPh2-CH2-
CH2-PPh2.96 
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Cole-Hamilton et al. have been investigated the use of trialkylphosphines as 
promoters for rhodium-based carbonylation catalysts, because they are strongly 
electron-donating. Complexes of the type Rh(PEt3)2(CO)X (X = Cl, Br or I) have 
a ν(CO) absorption centered around 1960 cm-1, as compared to 1988 and 2059 
cm-1 for [Rh(CO)2I2]-, suggesting that the rhodium center is more electron-rich in 
the triethylphosphine complexes. Rh(PEt3)2(CO)Cl turned out to be a very active 
catalyst precursor for acetic acid production: In the presence of 17.1 wt.% H2O at 
120 to 150 °C and 27 bar pressure, Rh(PEt3)2(CO)I catalyses the carbonylation of 
methanol at a rate nearly twice as high as that of [Rh(CO)2I2]- . Water acts to 
maintain the catalyst in its active form  [as a rhodium(I) complex] and decreases 
the formation of inactive rhodium(III) complexes such as [Rh(CO)2I4]- or 
Rh(PEt3)2(CO)I3. Thus, the rate of carbonylation is dramatically enhanced by a 
high water concentration. With low water concentrations, no appreciable benefit is 
obtained by using Rh(PEt3)2(CO)Cl instead of [Rh(CO)2Cl]2 as catalyst precursor. 
Addition of methyl iodide to Rh(PEt3)2(CO)I in CH2Cl2 was shown to 
result in the formation of (CH3)Rh(PEt3)2(CO)I2 (Scheme 12).98 The methyl group 
is cis with respect to the carbonyl ligand, as required for migratory insertion. There 
is no X-ray crystal structure analysis for complexes of the type 
(CH3)Rh(PR3)2(CO)X2. However, there are other six-coordinate rhodium(III) 
complexes resulting from oxidative addition of CH3I, most of them have iodide 
and methyl ligands in mutually trans positions.103-105  The isolation of the methyl 
complex from a catalytically active system is rather unlikely, since the insertion of 
carbon monoxide into the Rh-C bond is extremely rapid. For [Rh(CO)2I2]- , the 
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methyl complex has a very short lifetime and was only detected as a transient by 
IR spectroscopy in neat methyl iodide,52 while for the related Rh(PPh3)2(CO)Cl 
the oxidative addition of methyl iodide gives the six-coordinate complex 
(CH3)Rh(PPh3)2(CO)(Cl)I in equilibrium with the five-coordinate insertion 
product, (CH3CO)Rh(PPh3)2(Cl)I.106 In the case of the triethylphosphine 
analogue, the higher electron density on the metal is responsible for the less facile 
methyl migration in (CH3)Rh(PEt3)2(CO)I2. Despite the stability of the 
methylrhodium(III) complex, preliminary kinetic studies suggest that oxidative 
addition of CH3I is still rate-determining. 
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Scheme 12: Catalytic cycle of the methanol carbonylation 
catalyzed by the neutral complex Rh(PEt3)2(CO)I 
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Mixed bidentate ligands such as PPh2-CH2-P(O)Ph2,95 PPh2-CH2-
P(NPh)Ph2101 and PPh2-CH2-P(S)Ph2102 have been shown to be effective in 
rhodium-catalyzed carbonylation of methanol. Wegman et al. have found that cis-
Rh[Ph2P(CH2)2P(O)Ph2](CO)Cl is a precursor to a very active catalyst for the 
carbonylation of methanol under mild reaction conditions.95 Reaction of cis-
Rh[Ph2P(CH2)2P(O)Ph2](CO)Cl with CO results in the displacement of the 
rhodium-oxygen bond and the formation of a new species (υ(CO) 2096 and 2012 
cm-1) according to the equilibrium shown in Scheme 13. 
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Scheme 13: Equilibrium between Rh[η2-Ph2P(CH2)2P(O)Ph2](CO)Cl  
and Rh[η1-Ph2P(CH2)2P(O)Ph2](CO)2Cl 
The ratio of the η2- and the η1-complexes was determined to be 
approximatively 1 : 1 (at 22°C and 1 bar CO) by infrared spectroscopy. Infrared 
spectroscopic studies carried out under catalytic conditions at 80 °C and 3.5 bar 
CO (turnover frequency 400 h-l) reveal only the η1-coordinated phosphine oxide 
species. There is no indication of [Rh(CO)2I2]- which is the principal rhodium 
species present during catalysis with the Rh-I catalyst.43 In addition there is no 
induction period as might be expected if dissociation of Ph2P(CH2)2P(O)Ph2 and 
subsequent formation of [Rh(CO)2I2]- is important.25 
Baker et al. have found that the use of the diphosphinesulfide 
Ph2PCH2P(S)Ph2 as a promoter for rhodium catalysed carbonylation of methanol 
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allows a substantial rate increase under industrially feasible conditions (180°C, 70 
bar CO).102 The initial experiments were carried out using a ligand/rhodium ratio 
of 4 : 1, but the optimum rate enhancement was observed when the discrete 
complex cis-Rh[η2-Ph2PCH2P(S)Ph2](CO)Cl was used as pre-catalyst. These 
authors showed that any additional phosphine quaternizes with CH3I, and the 
addition of iodide inhibits the catalytic reaction (Scheme 14). Addition of three 
equivalents of [(CH3)PPh3]I causes a similar retardation in rate. 
Rh[Ph2PCH2P(S)Ph2](CO)Cl is readily formed upon mixing [Rh(CO)2Cl]2 with 
two equivalents of Ph2PCH2P(S)Ph2 in CH3OH, and there is no evidence for the 
formation of dinuclear complexes in this reaction.107  
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Scheme 14: Catalytic cycle of the methanol carbonylation catalyzed 
 by the neutral complex Rh[Ph2PCH2P(S)Ph2](CO)I 
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The X-ray crystal structure analysis of Rh[Ph2PCH2P(S)Ph2](CO)Cl 
confirms the stereochemistry at rhodium in which the phosphorus atom is trans 
with respect to the chloro ligand, while the sulfur atom is trans with respect to the 
carbonyl ligand; but the structure shows no unusual features to explain the 
unexpected stability of the catalyst at high temperatures. Unlike in the case of the 
oxygen analogue, in the case of Rh[Ph2PCH2P(S)Ph2](CO)Cl, there is no evidence 
for a hemilabile behavior of the P-S ligand, while it has been assumed to be 
important for catalysis employing mixed-donor ligands.108 These results showed 
for the first time that a discrete rhodium-phosphine complex can give a significant 
improvement in carbonylation activity over [Rh(CO)2I2]- under industrial 
conditions. 
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Scheme 15: Synthesis of rhodium phosphinothiolate and  
phosphinothioether complexes 
 Dilworth et al. described other methanol carbonylation catalysts which 
show significant improvements in absolute rates over those obtained with 
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[Rh(CO)2I2]-.93 Both, the dinuclear phosphinothiolate complex and the 
mononuclear phosphinothioether complex synthesized according to Scheme 15 
efficiently catalyze the carbonylation of methanol with comparable rate. The 
authors proposed a mechanism similar to the cycle proposed for 
Rh[Ph2PCH2P(S)Ph2](CO)I (Scheme 14).102  
 Pringle et al. reported that rhodium complexes of unsymmetrical ethylene 
diphosphine ligands are more efficient catalysts than the symmetrical dppe 
analogues for methanol carbonylation and longer-lived than any other reported 
ligand-modified catalysts under industrial conditions.110-113 The catalysts were 
prepared by addition of diphosphines to [Rh(CO)2Cl]2 in methanol (Scheme 16). 
Ph2P PCl2 Ph2P PAr2
OC
Rh ClPh2P
PAr2
Ph2P PAr2[Rh(CO)2Cl]2
ArLi or ArMgBr
Ar = 4-C6H4OMe or 3,5-C6H3F2 or 3,4,5-C6H2F3
+ 2 2 +   2 CO
 
Scheme 16: Synthesis of rhodium complexes with unsymmetrical 
diphosphine ligands 
In each case the conversion of methanol was greater than 98%, and the 
selectivity for acetic acid was greater than 99%; however, the carbonylation rates 
are lower for these diphosphine complexes than for the [Rh(CO)2I2]- catalyst. The 
following observations suggest that the catalyst is indeed a diphosphine-rhodium 
complex throughout the catalytic reaction and not [Rh(CO)2I2]-. Infrared spectra 
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obtained in situ during catalysis with Ph2PCH2CH2P(3,4,5-C6H2F3)2 showed the 
absence of the intense ν(CO) bands of [Rh(CO)2I2]- at 2059 and 1988 cm-1. At the 
end of the catalytic reaction, 31P NMR and IR spectra showed the presence of a 
mixture of diphosphine rhodium(III) carbonyl complexes. The product fac-
Rh[Ph2PCH2CH2P(3,4,5-C6H2F3)2](CO)I3 was isolated from the reaction mixture, 
using the catalyst Rh[Ph2PCH2CH2P(3,4,5-C6H2F3)2](CO)Cl.110 The rate of 
catalysis is constant throughout a catalytic run and, after consumption of the 
entire methanol, a second aliquot of methanol was injected, the rate observed was 
the same as in the first run. This final observation not only confirms the integrity 
of the catalyst, but also shows its longevity to be greater than any previous 
rhodium-phosphine catalyst under these conditions, since every diphosphine 
complex executes over 500 turnovers without noticeable diminution of activity. 
The rhodium-diphosphine catalysts also resemble the iridium Cativa catalyst. The 
amount of propionic acid reported (formed during the water-gas shift reaction) 
for these diphosphine catalysts is significantly less than that with [Rh(CO)2I2]- as 
catalyst under the same conditions. 
The greater nucleophilicity of Rh(diphosphine)(CO)I complexes,100 as 
compared to [Rh(CO)2I2]-, may partly explain the similarities between the 
rhodium-diphosphine and the iridium catalysts. Since the iridium catalysts are 
promoted by iodide-abstracting ruthenium complexes,95,99,114 Pringle et al. 
checked whether or not Ru(CO)4I2 also promotes the rhodium catalyst containing 
the Ph2PCH2CH2P(3,4,5-C6H2F3)2 ligand. Indeed, addition of Ru(CO)4I2 more 
than doubles the carbonylation rate.110 The asymmetry of the diphosphine is also 
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crucial. Casey et al.111 showed that unsymmetrical diphosphines are superior to the 
symmetrical analogues for hydroformylation catalysis and associated this with a 
preference of the better σ-donor for the axial site in the trigonal bipyramidal 
intermediates. It is noteworthy that P,O-,95 P,N-101 and P,S-donor102 ligands used 
for methanol carbonylation are all unsymmetrical with one strong and one 
medium or weak donor atom. 
Indeed, all these new ligands enhance the oxidative addition step but as a 
consequence they usually retard the subsequent CO insertion step, because the 
increased electron density at the metal also leads to a stronger Rh-CO bond. 
Optimal parameters are required to achieve the delicate balance between these two 
factors which will afford highly efficient catalysts. In fact, while the octahedral 
intermediate obtained from the square-planar precursor complex by CH3I 
addition undergoes migratory insertion only under CO pressure with PEt3 as 
ligands, it is relatively long-lived with the PPh2-CH2-CH2-PPh2 ligand. However, it 
is so reactive with the PPh2-CH2-P(S)Ph2 ligand that its detection was rather 
difficult.100 The fact that both, oxidative addition and CO insertion steps are 
accelerated with the latter ligand was quite unexpected. Therefore, it was assumed 
that the steric requirements of the PPh2-CH2-P(S)Ph2 ligand destabilize the 
octahedral intermediate which would undergo migratory insertion to release such 
steric pressure.100 
To summarize, we have shown that square-planar rhodium complexes 
containing two monophosphine ligands in trans positions such as trans-
Rh(PEt3)2(CO)Cl are highly active for methanol carbonylation, but less stable than 
Chapter 2 
 38
unsymmetrical diphosphine complexes such as cis-Rh(Ph2PCH2CH2PAr2)(CO)Cl 
which are, however, less active catalysts.  
For all these reasons, we decided to develop three different classes of new 
multifunctional ligands: nitrogen-donor ligands which are known to be electron-
rich ligands (as PEt3), sulfur ligands which are also known as good donors, and 
unsymmetrical diphosphine ligands containing suitable spacer groups between the 
two phosphorus atoms, in order to allow trans coordination in square-planar 
rhodium complexes. Complexes of this type can be expected to show high 
catalytic activity and good stability under the harsh conditions of methanol 
carbonylation. 
  39
Chapter 3 
New Benzotriazole Ester Ligands: Synthesis, 
Coordination, Catalytic Properties 
Benzotriazole (Hbta) is a nitrogen-containing heterocyle consisting of a 
five-membered ring containing three nitrogen atoms fused to a benzene ring. The 
molecule represents an aromatic system and reacts with a base to give the 
corresponding benzotriazolate anion (bta-).115 
N3
N2
N1
H
N
N    +    H+
N
Hbta bta-
-
 
For reasons which will be presented in the following section, this 
heterocycle appeared to be an interesting system for the design of multifunctional 
ligands that can be used to improve the activity of late transition metal catalysts in 
the carbonylation of methanol. 
3.1  Nitrogen-Containing Ligands in Catalysis 
For a long time, the coordination chemistry of late transition metals in low 
oxidation states has been dominated by phosphorus-containing ligands, while 
nitrogen-containing ligands, being much harder, were considered to be less 
suitable for binding to soft metal atoms.116-118 Today it is obvious that many 
nitrogen-containing molecules, in particular bi-, ter- and tetradentate systems can 
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bind strongly to transition metal atoms, stabilizing both high and low oxidation  
states.119-122 
 The vast variety of nitrogen donor-ligands is impressive: No other element 
presents such a diversity of organic compounds. Most of these compounds are 
potential donor ligands, if a lone electron-pair is available at nitrogen. An 
appropriate classification of nitrogen-containing ligands can be based on the 
hybridization of nitrogen: sp3, sp2, and sp. Examples of nitrogen-containing 
ligands with sp3-N and sp2-N are given in Schemes 17 and 18, respectively.  
C
NMe2
NMe2
Me2N NMe2 NMe3
-
 
Scheme 17: Some nitrogen-donors with tertiary sp3-hybridized N atoms 
Ligands containing sp2-hybridized nitrogen atoms, especially when the N 
atom is part of an aromatic system, have an extensive coordination chemistry, in 
particular when they are multidentate ligands. In contrast to the phosphorus atom, 
the nitrogen atom has no low-lying d orbitals available, so that nitrogen 
containing-ligands have only σ-donor (and no π-acceptor) properties. Therefore, 
the metal-nitrogen bond has a more pronounced ionic character than the metal-
phosphorus bond. Furthermore, as M-N bonds are more affected by steric effects 
than M-P bonds, stable complexes with nitrogen-containing ligands can be 
expected for multidentate ligands making use of the chelating effect. 
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Scheme 18: Some nitrogen ligands with sp2-hybridized N atoms 
Nitrogen donors are frequently used as part of chelating systems with 
carbon-donors. The C,N-donors have played a significant role in rich chemistry 
because of their ready formation through a cyclometalation reaction.123,124 
Noteworthy is also the rich chemistry based on complexes of the N,C,N-
terdentate ligand (Scheme 19). 
Pt
N
N
Me
Me
Me
Me
ClRh
N
N
Me
Me
Me
Me
I
Me
 
Scheme 19: Complexes with N,C,N-terdentate ligand 
Other examples involve diimine ligands which, in the case of oxazolines 
and their derivatives, have been intensively studied in asymmetric catalysis.125,126 
Recently Gibson and Brookhart reported the discovery of highly active iron and 
cobalt polymerization catalysts containing bulky tridentate pyridine diimine ligands 
(Scheme 20).127 
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N
N
M
Cl
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Scheme 20: Iron-and cobalt polymerization catalysts 
In the chemistry of rhodium(I) and iridium(I), multidentate N-donor 
ligands have found only limited use in catalysis: Catalytic applications of Rh(I) and 
Ir(I) complexes have been reported for trispyrazolylborate,128,132 triazacyclono-
nane129-134 and pyridine-2,6-diimine135 ligands. These ligands act as multidentate 
ligands. By virtue of their strong σ-donor properties, they stabilize square-planar 
complexes, while enhancing the nucleophilicity of the rhodium(I) or iridium(I) 
center. 
Chelating ligands containing nitrogen donors as well as phosphorus 
donor/acceptors are also known. The π-acceptor character of phosphorous can 
stabilize a metal center in a low oxidation state, while the σ-donor character of 
nitrogen makes the metal more susceptible to oxidative addition reactions. This 
can help to stabilize intermediates in catalytic reactions. Moreover the 
combination of soft (phosphorus) and hard (nitrogen) coordinating atoms in the 
same ligand framework may offer the advantage of providing free coordination 
sites along the catalytic pathway by the decoordination of either the phosphorus 
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or nitrogen ligator, depending on the nature of the reagent and of the formal 
oxidation state of the metal.136  
We have seen that the most common nitrogen-containing ligand systems 
are heterocycles such as pyridine, imidazole, pyrazole, bipyridine, oxazoline and 
derivatives thereof.137-141 Complexes of these ligands are known with almost all 
transition metals.142-146 Benzotriazole and its derivatives are not frequently 
encountered in coordination chemistry, whereas Katritzky has published many 
papers concerning benzotriazole as a synthetic organic intermediate since 1985.147-
151 A few complexes of benzotriazole are known so far,152 benzotriazole being 
coordinated as η1-ligand through N(1) but also as η2-ligand through N(2) and 
N(3).153,154 With the catalytic perspective in mind, we decided to synthesize new 
ester ligands based on the benzotriazole unit. One important property of these 
potentially multidentate ligands is that they can stabilize metal ions in a variety of 
oxidation states and geometries. Moreover, the oxygen atom of the ester group 
can be weakly coordinated to soft metal centers and can be easily dissociated in 
solution, providing a vacant coordination site on demand, whereas their chelating 
effect confers stability to the catalyst precursor in the absence of substrate. This 
possible versatility is of particular interest for catalysis.  
3.2  Ligand Syntheses 
Recent advances in carbodiimide esterification led us to explore the 
possible use of these reagents for direct synthesis of our ligands.155-158 
Condensation occurs between equimolar mixtures of acids and alcohols driven by 
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the addition of water across the carbodiimide groups and producing the stable 
urea by-product. 
RN C NR     +     R'COOH     +     R"OH
RHN NHR
O
       +     R'COOR" 
Since carbodiimides such as N,N-dicyclohexylcarbodiimide (DCC) do not 
react with aliphatic alcohols or phenols except under drastic conditions,155 one 
expects selective activation of the carboxylic acid, thus permitting direct 
esterification. This one occurs by in situ formation of activated acids, avoiding the 
need to prepare and handle preactivated acid derivatives such as acid chlorides. 
Since these derivatives are susceptible to hydrolysis by adventitious moisture 
present during the reaction, high conversion levels are only possible under 
rigorously anhydrous conditions.156-158 
RN C NR     +     R'COOH
RHN
O
N
R
R'
O
 
Although carbodiimide chemistry has been extensively used in peptide 
synthesis,159 its use in esterification chemistry has been hampered by a side 
reaction that converts carboxylic acids to unreactive N-acylureas. It has recently 
been observed that this reaction can be suppressed by using hyperacylation agents 
such as 4-(dimethylamino)pyridine (DMAP) or 4-pyrrolidinopyridine (4-
PPY).156,160  
New Benzotriazole Ester Ligands 
 45
R
N
N     +     H2O
N
O
O
N
N     +     RCO2H
N
OH
DCC, DMAP, 4-PPY
 
We decided to use N-hydroxymethylbenzotriazole as a starting compound, 
because recent works published by Katritzky has shown the versatility of this 
compound as a synthetic intermediate.161,162 For the esterification reaction we used 
DCC in combination with an equimolar mixture of DMAP and 4-PPY as 
condensation reagents. 
3.2.1  Preparation and Characterization 
The new benzotriazole ligands 1 - 5 are directly accessible by condensation 
methods from hydroxymethylbenzotriazole and the corresponding mono- or 
diacids. They can be isolated in good yields as micro-crystalline powders by 
column chromatography (Scheme 21). 
N
N
N
O
O
N
N
N
N
O
O
Ph2P
N
N
N
O
O
N
N
N N
N
N
O O
OO
S
Fe
1 2 3
4 5
N
N
N
O
O
N
N
N
O
O
Fe
 
Scheme 21: Synthesis of 1 - 5 
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 Micro-analytical and NMR data are consistent with the structures shown. 
The successful coupling reaction is clearly evidenced by the 13C NMR spectrum of 
1 (Figure 3), in which we can easily distinguish the C(8) ester atom at 164.4 ppm 
and C(7) benzotriazole atom at 69.1 ppm from the other aromatic carbon atoms 
(11 signals). 
16
4.
39
88
15
0.
46
42
14
6.
36
15
13
7.
47
64
13
3.
13
09
12
8.
80
97
12
7.
93
58
12
6.
11
51
12
4.
87
70
12
0.
26
45
11
0.
55
40
78
.0
72
3
77
.4
16
8
76
.7
85
6
69
.1
14
3
(ppm)
6065707580859095100105110115120125130135140145150155160165170175
 
Figure 3: 13C NMR spectrum of 1 
In the 1H NMR spectrum of 2 (Figure 4), the successful coupling reaction 
of the hydroxymethylbenzotriazole and the ferrocene carboxylic acid moieties can 
be deduced from the chemical shift differences of Hb-Hc, compared to the Ha 
atoms of the unsubstituted Cp ring. Since the two Hc are close to the ester 
function, the difference with the two Hb atoms is apparent from the low field 
shift of 0.4 ppm for Hc. The characteristic signal of the methylene group 
(hydrogen atoms Hd) appears as a singlet at 6.77 ppm. In the aromatic region, two 
doublets and two triplets, each integrating as one proton, are observed. Hh is the 
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most deshielded (8.10 ppm), because it is close to the more electron-rich nitrogen 
atom of benzotriazole and He is the most shielded (7.43 ppm).  
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Figure 4: 1H NMR spectrum of 2 
The IR, 1H, 13C NMR and MS spectra of 3-5 are as expected, the 
spectroscopic data are given in the experimental section. 
3.2.2  X-ray Crystal Structure Analyses 
The molecular structures for 1 and 2 have been confirmed by X-ray 
crystallography. Suitable single-crystals of 1 (colorless) have been obtained from 
ethyle acetate/hexane, and of 2 (orange-red) from acetone/hexane. The molecular 
structure of the ligand 1 is depicted in Figure 5. The pyridine ring is almost planar, 
the ring atoms being formally sp2 hybridized. In accordance with the aromaticity, 
the C-C and C-N distances in the pyridine ring are shorter [C(9)-C(10) 1.381(3) Å, 
C(10)-C(11) 1.383(4) Å, C(9)-N(4) 1.338(3) Å] than those in the benzotriazole ring 
[C(1)-C(2) 1.391(3) Å, C(1)-C(6) 1.396(3) Å, C(4)-C(5) 1.408(3) Å, C(1)-N(1) 
1.369(3) Å]. The two nitrogen-nitrogen bonds of the benzotriazole unit are in 
N
N
N
O
O
Hh
He
Hf
Hg
Hd Hd
Hc
Hb
Hb Hc
Ha
Ha Ha
Ha
Fe Ha 
Hb Hc 
Hd 
He Hf Hg Hh 
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accordance with the lengths of a single and a double bond  [N(2)-N(3) 1.301(2) Å, 
N(1)-N(2) 1.367(3) Å]. The C(8)-O(1) bond distance [1.203(2) Å] and the C(8)-
O(2) bond distance [1.346(2) Å] are similar than those reported for other pyridine 
esters (Table 4).163,164 
 
Figure 5: Molecular structure of 1 
Table 4: Selected bond lengths [Å] for 1 
 
C(9)-C(10) 1.381(3) N(2)-N(3) 1.301(2) 
C(10)-C(11) 1.383(4) N(1)-N(2) 1.367(3) 
C(9)-N(4) 1.338(3) C(8)-O(1) 1.203(2) 
C(1)-C(2) 1.391(3) C(8)-O(2) 1.346(2) 
C(1)-C(6) 1.396(3)   
C(1)-N(1) 1.369(3)   
 
 
The molecular structure of ligand 2 is given in Figure 6. Selected bond 
distances for 2 are given in Table 5. The ferrocene moiety is in the eclipsed 
conformation. In each molecule, the Cp rings are virtually parallel to each other 
(Cp-Fe-Cp angles: 5.30°). The distances of Fe to the C atoms of the Cp rings are 
normal and compare well with those of other ferrocene structures.165 Interestingly, 
O(1) 
O(2) N(1) 
N(2) N(3) 
N(4) 
C(8) 
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the Cp internal C-C bond distances in the substituted Cp rings [C(9)-C(13) 
1.430(3) Å, C(9)-C(10) 1.433(2) Å] are longer than in the unsubstituted Cp ring 
[C(14)-C(18) 1.409(4) Å, C(14)-C(15) 1.403(3) Å]. This has been documented 
before.165 The distance of the carbonyl carbon to the Cp ring [C(8)-C(9) 1.456(2) 
Å] is normal C-C single bond distance. The methylenebenzotriazole substituent is 
rotated out of the ester plane by 79.45°, allowing no efficient interaction between 
the π-system of the Cp ring and the benzotriazole. A similar behavior has been 
observed for benzoylferrocene,166 where the solid state structure shows the phenyl 
ring rotated out of the Cp plane by 40.4°. Steric interference does not allow 
coplanarity of the Cp and Ph groups.166 
 
Figure 6: Molecular structure of 2 
Table 5: Selected bond lengths [Å] for 2 
 
C(9)-C(13) 1.430(3) C(8)-O(2) 1.363(2) 
C(9)-C(10) 1.433(2) C(8)-C(9) 1.456(2) 
C(14)-C(18) 1.409(4) C(8)-O(1) 1.211(2) 
C(14)-C(15) 1.403(3)   
 
Similar steric problems are most likely responsible for the arrangement of 
the benzotriazole substituent. The C(8)-O(1) bond distance of 1.211(2) Å is 
O(1) 
N(3) 
O(2) 
Fe(1) 
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shorter than those observed for ferrocenecarboxylic acid167 (1.261(15) Å) and 
ferrocene dicarboxylic acid (1.228(3) Å).168 However it is also longer than those of 
other ferrocenecarboxylic esters, such as 2-(1-hydroxyethyl)-1-ferrocenecarboxylic 
acid methyl ester169 [C=O 1.205(4) Å] and 3-(diphenylphosphino)-1-ferrocene 
carboxylic acid methyl ester [C=O 1.204(3) Å].170 The C(8)-O(2) bond distance 
[1.363(2) Å] is about 0.06 Å shorter than that of ferrocenecarboxylic acid 
benzotriazole ester [1.427(2) Å] which is known to have a weak and reactive ester 
bond, facilitating the amidation in the peptide-coupling reactions.171 These 
crystallographic informations fit well with the good stability of our ester bond.  
3.3  Coordination Chemistry 
As a part of our preliminary studies on the coordination behavior of these 
new ligands, we examined their reactivity towards cobalt(II), rhodium(I) and 
iridium(I) compounds, since these metals are active in methanol carbonylation. 
3.3.1 Cobalt(II) Complexes 
The benzotriazole ligand 2 was found to coordinate easily to cobalt 
through the 3-N atom of the triazole unit. The reaction of 2 with CoI2 in 
dichloromethane at room temperature gives quantitatively the cobalt(II) complex 
[Co(2)2I2] (6) as an air-stable solid (Scheme 22). This compound is moderately 
soluble in acetone and toluene, but only sparingly soluble in alcohols and insoluble 
in alkanes; 6 can be recrystallized from dichloromethane/hexane to give green 
crystals. 
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Scheme 22: Synthesis of 6 
The single-crystal X-ray structure analysis reveals that the cobalt(II) center 
is tetrahedrally coordinated to two iodine atoms and to the 3-N nitrogen atoms of 
two triazole ligands (Figure 7). The angles N(23)-Co(1)-N(3), N(23)-Co(1)-I(1), 
N(23)-Co(1)-I(2), N(3)-Co(1)-I(1), N(3)-Co(1)-I(2), I(1)-Co(1)-I(2) (103.5(2), 
106.99(17), 113.42(17), 104.65(15), 110.97(15), 116.20(4)°, respectively) are not far 
from the ideal tetrahedral angle. The two cobalt-nitrogen bonds [Co(1)-N(3) 
2.033(5), Co(1)-N(23) 2.044(5) Å] and the two cobalt-iodine bonds [Co(1)-I(1) 
2.5510(11), Co(1)-I(2) 2.5692(11) Å] are almost equal in length and are normal for 
this kind of complexes.172,173 Some deviation from regular tetrahedral geometry is 
indicated by the relatively large I(1)-Co(1)-I(2) and corresponding small N(23)-
Co(1)-N(3) angles. Interligand repulsions between the iodine presumably are 
responsible for the observed distortion.174 The two C=O bond distances (C(8)-
O(1) 1.197(8) Å, C(28)-O(21) 1.195(8) Å) are shorter than this in the free ligand 
(1.211(2) Å). This is in line with the ν(CO) absorption at 1723 cm-1 observed for 6 
in the infrared spectrum, while the free ligand absorbs at 1708 cm-1. 
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Figure 7: Molecular structure of 6 
Table 6: Selected bond lengths and angles [Å] for complex 6 
 
Co(1)-N(3) 2.033(5) N(23)-Co(1)-N(3) 103.5(2) 
Co(1)-N(23) 2.044(5) N(23)-Co(1)-I(1) 106.99(17) 
Co(1)-I(1) 2.5510(11) N(23)-Co(1)-I(2) 113.42(17) 
Co(1)-I(2) 2.5692(11) N(3)-Co(1)-I(1) 104.65(15) 
C(8)-O(1) 1.197(8) N(3)-Co(1)-I(2) 110.97(15) 
C(8)-O(2) 1.367(8) I(1)-Co(1)-I(2) 116.20(4) 
 
Thus, in 6 the ligand 2 is coordinated in a monodentate fashion through 
the 3-N atom of the benzotriazole unit. Since benzotriazole can also act as a N-N 
bridging ligand,153,154 we can envisage complex 6 to coordinate to other metal 
centers. However, our repeated attempts to synthesize a bimetallic Co-Rh 
complex from [Rh(CO)2Cl]2 and 6 were unsuccessful. 
C(1) 
N(1) 
N(2) 
Co(1) 
I(2) 
N(23) 
O(21) 
Fe(1) 
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The reaction of CoI2 with ligand 4 in dichloromethane at room 
temperature yields the polymeric complex [Co(C6H4N3CH2CO2C4H2SCO2 
CH2C6H4N3)I2]n (7) almost quantitatively (Scheme 23). Polymer 7 can be 
recrystallized from acetone/hexane over a period of several months to give green, 
air-stable crystals. The infrared spectrum of complex 7 exhibits one strong ν(CO) 
absorption at 1727 cm-1, whereas the free ligand 4 exhibits two strong ν(CO) 
absorptions at 1749 and 1709 cm-1.  
N
N
N N
N
N
O O
OO
S
N
N N
O O
S
N
NN
OO
Co
II
n CoI2 CH2Cl2
+     n
n
4
7  
Scheme 23: Synthesis of 7 
As it is shown in Figure 8, ligand 4 acts in complex 7 as a bridging ligand 
rather than a bidentate ligand. Thus, the single-crystal X-ray structure analysis 
reveals 7 to be a coordination polymer, each cobalt(II) center being tetrahedrally 
coordinated to two iodine atoms and to the 3-N nitrogen atoms of two triazole 
ligands (Figure 9). 
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Figure 8: Molecular structure of 7 
 
Figure 9: Molecular structure of the asymmetric unit of 7 
The angles N(6)-Co(1)-N(2), N(6)-Co(1)-I(1), N(6)-Co(1)-I(2), N(1)-Co(1)-
I(1), N(1)-Co(1)-I(2), I(1)-Co(1)-I(2) (103.55(14), 106.20(10), 116.79(10), 
112.04(10), 106.51(10), 111.57(2)°, respectively) are not far from the ideal 
Co(1)
I(2)
I(1)
S(1) 
I(1) 
N(1)
N(4) 
Co(1)
I(2)
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tetrahedral angles. The two cobalt-nitrogen bonds [Co(1)-N(1) 2.035(4), Co(1)-
N(2) 2.020(3) Å] and the two cobalt-iodine bonds [Co(1)-I(1) 2.5563(7), Co(1)-I(2) 
2.5714(7) Å] are almost equal in length and are comparable to those found for 
complex 6. 
3.3.2  Rhodium(I) and Iridium(I) Complexes 
Ligand 4 was also found to coordinate easily to rhodium through the 3-N 
atom of the benzotriazole unit. The rhodium(I) complex is directly obtained from 
[Rh(CO)2Cl]2 and 4 using a 1 : 2 ratio in diluted solution of toluene at room 
temperature, in order to avoid the formation of polynuclear species, as in the case 
of complex 7. Complex [Rh(4)(CO)Cl]2 (8) is obtained as an air-stable yellow solid 
(Scheme 24).  
Micro-analytical and NMR data are consistent with the composition 
proposed, the dimeric nature of the molecule clearly follows from the ESI mass 
spectrum which shows the molecular peak at m/z 1220. The highest mass ion 
corresponds to [Rh(4)(CO)Cl]2 and related dinuclear and mononuclar fragments 
are observed. By preparative TLC, complex 8 separates into two isomers, the 
major isomer (8a) eluting as a brown band and the minor isomer (8b) eluting as a 
yellow band. On the basis of the infrared spectra, 8a can be identified as cisoid-
[Rh(4)(CO)Cl]2, giving rise to two ν(CO) absorptions at 2086 cm-1 and 2013 cm-1, 
while 8b shows only one ν(CO) absorption at 1992 cm-1 characteristic for transoid- 
[Rh(4)(CO)Cl]2. 
Chapter 3 
 56
N
N
N N
N
N
O O
OO
S
N
N
NN
N
N
O
O O
S
Rh Rh
Cl
OC
Cl
OC
[Rh(CO)2Cl]2
N
N
N N
N
N
O O
OO
S
N
N
N N
N
N
O O
OO
S
N
N
NN
N
N
O
O O
S
Rh Rh
Cl
OC
CO
Cl
8a
4
+     2
8b
 
Scheme 24: Synthesis of 8a and 8b 
The yellow color is indicative of square-planar, noninteracting rhodium 
centers.175 Macrocycles of similar types have been reported for rhodium, 
Rh2[Ph2P(CH2)P(S)Ph2]2(CO)2Cl2,176 Rh2[(Ph2P)2py]2(CO)2Cl2,177 but never used 
as catalysts. The coordination of ligand 4 in complex 8 can be deduced from the 
chemical shift differences of the methylene protons of the benzotriazole unit (δ = 
7.09 ppm) by comparison to the free ligand (δ = 6.99 ppm). The symmetric 
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square-planar geometry is clear from the equivalency of the hydrogen atoms 
(Figure 10). 
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Figure 10: 1H NMR spectrum of 8a 
The iridium complex [Ir(cod)Cl]2 reacts analogously with two equivalents 
of 4 in refluxing toluene under carbon monoxide to give [Ir(4)(CO)Cl]2 (9) as 
orange solid (Eq. 9). The infrared spectrum of 9 reveals also two strong ν(CO) 
absorptions at 2074 cm-1 and 1994 cm-1, suggesting a cisoid arrangement of the 
carbonyl ligands. The 1H, 13C NMR and MS spectra are in accordance with 9 
being cisoid-[Ir(4)(CO)Cl]2. 
[Ir(cod)Cl]2  +  4 (9)
+ CO
½ ½ [Ir(4)(CO)Cl]2  
The phosphine-containing ligand 5 (4 equivalents) reacts with 
[Rh(CO)2Cl]2 in dichloromethane to give the mononuclear complex trans-
Rh(C6H4N3CH2CO2C6H4PPh2)2(CO)Cl 10 in high yield (Scheme 25). 
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Scheme 25: Synthesis of 10 
The product is easily isolated by evaporation of the solvent and by washing 
of the residues with ether. The η1-coordination, as well as the symmetric nature of 
the complex 10, is reflected in the 31P NMR spectra. As shown in Figure 11, the 
phosphorus atom displays a resonance at δ=33.7 as a doublet with a 1JP-Rh 
coupling constant near the expected value of 136 Hz.178,179 Compared with the 
free ligand, the 31P NMR signal is shifted about 40 ppm to lower field, which is 
typical for a η1-coordinated phosphine.178 The presence of the carbonyl ligand can 
be seen by 13C NMR spectroscopy. Thus, in a typical chemical shift range of 188 
ppm, the carbonyl carbon appears as a doublet of triplets with characteristic 
coupling constants of 65 Hz [1JC-Rh] and 22 Hz [2JP-C].180 Furthermore, the triplet 
splitting indicates the presence of two magnetically equivalent phosphorus nuclei. 
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Final structural proof was obtained by an X-ray crystal-structure analysis of 
complex 10. Its structure in the solid state is depicted in Figure 12.  
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Figure 11: 31P NMR spectrum of 10 
The single-crystal X-ray structure analysis of 10 shows the rhodium atom 
carrying two monophosphine ligands in trans position, one carbonyl ligand and 
one chloride. The metal atom is in a square-planar environment and the two Rh-P 
lengths of 2.32 Å (Table 7) compare well with the analogous triphenylphosphine 
complex.181-183 The least square planes of the benzotriazole rings are tilted towards 
the Rh-P-CO-P-Cl least square plane by 71.2°. 
Table 7: Selected bond lengths [Å] for complex 10 
 
P(1)-Rh(1) 2.3223(6) C(27)-Rh(1)-Cl(1) 178.2(2) 
C(8)-O(1) 1.205(3) P(1a)-Rh(1)-C(27) 91.1(3) 
C(27)-O(3)              1.190(7) C(27)-Rh(1)-P(1) 88.9(3) 
  P(1)-Rh(1)-Cl(1) 88.62(7) 
  Cl(1)-Rh(1)-P(1a) 91.38(7) 
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Figure 12: Molecular structure of 10 
The infrared stretching frequency of the CO ligand in trans-[RhL2(CO)Cl] 
complexes is an ideal probe for determining the electronic properties of such a 
ligand. In analogy to the [NiL(CO)3] complexes of Tolman,184 a lower CO 
stretching frequency for a trans-[RhL2(CO)Cl] complex corresponds to a enhanced 
electron density at the rhodium center and, hence, to a stronger σ-bonding of the 
ligand L.185 Since monocarbonyl complexes provide easy-to-interpret infrared 
spectra with a single carbonyl band, complexes of this type have found wide 
application as probes for the electronic properties of donor ligands.185  
The extensive literature available186,187 allows a rapid evaluation of the 
electronic properties of a new ligand. Thus, for 10 the CO band is detected at 
1949 cm-1, which is about 16 cm-1 lower in energy than that of the 
triphenylphosphine complex Rh(PPh3)2(CO)Cl,188 but 7 cm-1 higher in energy 
Rh(1) 
Cl(1) 
N(1) 
P(1) 
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than that of Rh(PR2R)2(CO)Cl (R = N-pyrrolidinyl, R = tert-butyl),188 containing 
a very electron-rich phosphine ligand (Table 8). The ν(CO) value for 10 is 
significantly lower than those of most electron-rich alkylphosphine complexes 
Rh(PR3)2(CO)Cl (R = Me: ν(CO) 1960, R = Et: ν(CO) 1956), which are often 
applied in catalysis. Tri-tert-butylphosphine, which is generally thought of as one 
of the most electron donating phosphines, actually forms a tetrahedral complex 
Rh(PtBu3)2(CO)Cl and can not be directly compared.189  
Table 8: Comparison of IR data of trans-[RhL2(CO)Cl] complexes 
 
Entry            Ligand           ν(CO) (cm-1) Reference 
 
1 P(N-pyrrolyl)3 2023 188 
2 (PhO)3P 2016 190 
3 Ph3P 1965 191 
4 PhMe2P 1965 192 
5 Me3P 1960 191 
6 Et3P 1956 193 
7 Cy3P 1943 194 
8 P(N-pyrrolidinyl)3 1951 195 
9 5 1949 This work 
10 ButP(N-pyrrolidinyl)2 1942 195 
 
Given this comparison, the phosphine 5 can be considered as a strong 
donor ligand. Moreover, the overall structural features of 10 being as expected 
(square planar coordination, trans diphosphine configuration), the bond lengths 
involving the rhodium atom are of particular interest. A comparison of bond 
lengths in 10 to those of other trans-Rh(PR3)2(CO)Cl structures194 shows that 10 
has the shortest Rh-C carbonyl bond [1.722(7) Å] observed for this type of 
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complexes. Although the differences in bond lengths are small, these trends are 
consistent for all of Rh(PR3)2(CO)Cl complexes structurally characterized. 
The short Rh-C bond in 10 is consistent with the low-energy ν(CO) 
absorption in the infrared spectrum. Since the phosphine ligand 5 is electron-rich 
and therefore a good σ-donor ligand, the structure of 10 suggests that the long Rh-
P distance may result from a reduced π-back-bonding from rhodium to 
phosphorus. The good σ-donor and poor π-acceptor character of ligand 5 is also 
reflected in the length of the rhodium-chlorine bond. As the rhodium atom has a 
16 electron configuration, the reduced electron density at the metal is 
compensated in such complexes by enhanced donation of electrons from the 
chlorine lone pairs,196 which causes in general a shortening of the Rh-Cl bond. 
However, since 5 is a good σ-donor ligand, the Rh-Cl bond [2.391(2) Å] in 10 is 
longer than in Rh[P(N-pyrrolyl)3]2(CO)Cl [2.350(4) Å] and comparable to that of 
Rh(PtBu3)2(CO)Cl [2.389(2) Å]. The Rh-C distance [1.722(7) Å] in 10 is shortened 
due to enhanced π-back-bonding to the carbonyl, as demonstrated by the carbonyl 
stretching frequency at 1949 cm-l. Hence, ligand 5 compares to tri-tert-
butylphosphine and not to triphenylphosphine as far as its donor/acceptor 
properties are concerned. 
3.4  Catalytic Potential 
3.4.1 Carbonylation of Methanol 
The first methanol carbonylation process used cobalt catalysts, but 
required high temperatures and pressures, while rhodium or iridium catalysts are 
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more selective and operate under much milder conditions. However, because of 
the significantly lower cobalt prices, cobalt-based catalysts could be interesting, if 
activity and selectivity can be increased by suitable ligands. 
For this reason, we tested ligands 2 and 4 in combination with CoI2 for the 
catalytic carbonylation of methanol to give acetic acid and methyl acetate in the 
presence of methyl iodide and water. The reaction was carried out at 170°C under 
a CO pressure of 22 bar, the catalyst/substrate ratio being 1 : 2000. After 20 
minutes, the reaction was interrupted, and the products were analyzed by GC. The 
results are presented in Table 6. The complexes 6 and 7 are formed in situ on 
mixing [Rh(CO)2Cl]2 with two equivalents of 2 and 4 in methanol. As control 
experiments, the catalytic reaction was carried out with cobalt(II) iodide and with 
the Monsanto catalyst [Rh(CO)2I2]-, also formed in situ from [Rh(CO)2Cl]2 under 
the reaction conditions.102 For entries 3 and 4 the conversion of methanol was 
greater than 98% and the selectivity for acetic acid was greater than 90%. 
GC analysis of the liquid phase at the end of the reactions shows that the 
major product is methyl acetate, although acetic acid is also formed, the catalytic 
system containing water. As evidenced by Table 9, the catalytic activity increases 
in the presence of the nitrogen-containing ligands, 4 being the more active one 
(entry 4). We observed no induction period for the initial phase of the reaction, 
which explains the higher TOF obtained with N-donors cobalt systems after 20 
minutes. If the catalytic reaction is prolonged for 1h, the two cobalt systems 
become slower than the rhodium system ([Rh(CO)2Cl]2: TOF 1211 h-1; CoI2/2: 
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TOF 914h-1; CoI2/4: TOF 1077 h-1). In conclusion, the cobalt-based catalysts give 
activities comparable to those of the rhodium analogue only during a short period. 
Table 9: Methanol carbonylation dataa 
 
        Entry              Precursor        Ligand        TONb 
 
1 CoI2 -    312 
2 [Rh(CO)2Cl]2 -    405 
3 CoI2 2    433 
4 CoI2 4    512 
 
a Catalytic conditions: [Rh(CO)2Cl]2 or CoI2 (57 µmol), ligand (0.24 mmol, 2 eq), CH3OH  
(110.2 mmol), CH3I (11.4 mmol), H2O (81.9 mmol), 170 °C, 22 bar, 900 rpm, 20 min 
b mol CH3OH converted into CH3COOH and CH3COOCH3 per mol catalyst precursor 
GC analysis of the liquid phase at the end of the reactions shows that the 
major product is methyl acetate, although acetic acid is also formed, the catalytic 
system containing water. As evidenced by Table 9, the catalytic activity increases 
in the presence of the nitrogen-containing ligands, 4 being the most active one 
(entry 4). We observed no induction period for the initial phase of the reaction, 
which explains the higher TOF obtained with N-donors cobalt systems after 20 
minutes. If the catalytic reaction is prolonged for 1h, the two cobalt systems 
become slower than the rhodium system ([Rh(CO)2Cl]2: TOF 1211 h-1; CoI2/2: 
TOF 914 h-1; CoI2/4: TOF 1077 h-1). In conclusion, those cobalt-based catalysts 
give activities comparable to those of the rhodium analogue only during a short 
period. 
The nitrogen-containing ligands 2, 4 and 5 have also been tested in 
combination with [Rh(CO)2Cl]2 and [Ir(cod)Cl]2. As for the cobalt systems, the 
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reactions were carried out at 170°C under a CO pressure of 22 bar, the 
catalyst/substrate ratio being 1 : 2000. After 20 minutes, the catalytic turnover 
number is found to be higher for all nitrogen-containing ligands system than for 
the Monsanto catalyst. Surprisingly, the most active combination is [Rh(CO)2Cl]2/ 
4, even though the difference with [Rh(CO)2Cl]2/5 is not significant (Table 10). 
Table 10: Methanol carbonylation dataa 
 
        Entry              Precursor        Ligand        TONb 
 
1 [Rh(CO)2Cl]2 -    405 
2 [Rh(CO)2Cl]2 2    430 
3 [Rh(CO)2Cl]2 4    780 
4 [Rh(CO)2Cl]2 5    770 
5 [Ir(cod)Cl]2 -    250 
6 [Ir(cod)Cl]2 2    307 
7 [Ir(cod)Cl]2 4    323 
8 [Ir(cod)Cl]2 5    318 
 
a Catalytic conditions: [Rh(CO)2Cl]2 or [Ir(cod)Cl]2 (57 µmol), ligand (0.24 mmol, 4 eq), CH3OH 
(110.2 mmol), CH3I (11.4 mmol), H2O (81.9 mmol), 170 °C, 22 bar, 900 rpm, 20 min 
b mol CH3OH converted into CH3COOH and CH3COOCH3 per mol catalyst precursor 
3.4.2  Complex Isolation from Catalytic Mixtures 
From the reaction mixture of the catalytic reaction, we isolated the red-
brown complex 11 by crystallisation of the organometallic residue from acetone. 11 
is directly accessible in high yield from the reaction of 8 with methyliodide and 
carbon monoxide (1 bar) in acetone solution. 11 contains iodo ligands and transoid 
dicarbonyl motives, giving rise to a single ν(CO) absorption in the infrared 
spectrum. It was suggested for complexes containing phosphine ligands that the 
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dissociation of the phosphine may have occured during the catalytic process. In 
our case there is clearly a Rh-N bond cleavage. The facile conversion of 8 into 11 
under ambient conditions demonstrates that fragmentation, ligand dissociation 
and rearrangement are readily occuring.  
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Scheme 26: Synthesis of 11 
In the single-crystal X-ray structure analysis, complex 11 turns out to be a 
macrocycle containing two dinuclear iodo-bridged Rh(III) units (Scheme 26). In 
11, the four rhodium atoms have a distorted octahedral coordination geometry, 
they are coordinated by the 3-N atoms of the benzotriazole units of 4 (Figure 13). 
The four rhodium-nitrogen bonds are almost equal in length. The two planar 
Rh2(µ2-I)2 rings are arranged perpendicular with respect to the cycle formed by the 
four rhodium atoms and the two ligands, Rh(1)-4-Rh(2)-Rh(3)-4-Rh(4). The bond 
distances and angles for each Rh2I6 unit are similar to those reported by Forster197 
for [(MeCO)2Rh2(CO)2I6]2- and by Dilworth198 for Rh2(Ph2PC6H4SMe)2I6. 
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In contrast to the rhodium(I) macrocycle 8, the rhodium(III) macrocycle 11 
does not catalyse itself the carbonylation of methanol: the low catalytic activity 
observed (TON 100 after 20 min, TOF 5 min-1) when 11 is used as the catalyst 
precursor is due to a partial decomposition of 11 to give [Rh(CO)2I2]-. This is in 
line with what has been observed for other iodo-bridged dirhodium(III) 
complexes.199 Nevertheless, it has also been shown that iodo-bridged dinuclear 
complexes can be formed and isolated in solid state. These evolve to mononuclear 
[Rh(CO)2I3]2- under CO or [(COCH3)Rh(CO)I3]- under catalytic conditions. 
 
Figure 13: Molecular structure of 11 
3.5  Conclusion 
The aim of this work was the synthesis of new nitrogen-donor ligands and 
Rh(2) 
Rh(1) 
I(1) 
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I(12) 
S(2) 
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to study their ability to coordinate as ligand to transition metals. A high-yield route 
was developed to synthesize different ester derivatives of benzotriazole. The 
coordination chemistry of these multifunctional ligands studied with Rh(I) and 
Co(II) centers shows that all the ligands are modentate using the 3-N atom of the 
benzotriazole unit for coordination, except for 5 which is bound by the 
phosphorus atom. Nevertheless, there is no interaction between the oxygen atom 
of the ester function and the metal center. 
To the best of our knowledge, 8 is the first macrocyclic dirhodium 
complex involved in the carbonylation of methanol. It is possible that the better 
catalytic performance of 8 with respect to that of the classical species [Rh(CO)2I2]- 
is due to its macrocyclic nature. Moreover, the macrocycle 8 has a relatively open 
cavity and should be able of binding a second, different metal in this cavity, which 
should act as a promoter (simple iodide complexes or carbonyl-iodide complexes). 
Since 5 contains nitrogen atoms in the benzotriazol unit, it may be possible to use 
5 for the build-up of multinuclear complexes and to investigate its behavior 
towards different known promoters in methanol carbonylation. 
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Chapter 4 
New Phosphinodithioic Ester Ligand: Synthesis, 
Coordination, Catalytic Properties 
The organic chemistry of phosphinodithioate (A) and phosphorodithioate 
(C) derivatives is well developed,200,201 complexes with platinum-group metals are 
also known.202 In most of these complexes, phosphinodithioates and 
phosphorodithioates act as chelating ligands.203 However, synthetic routes to 
phosphonodithioates (B) are scarce,204 consequently the coordination chemistry of 
phosphonodithioates is hardly explored, although molecules of type B are the 
most interesting ones for coordination, since it is much easier to introduce 
different substituents than in molecules of type A and C (Scheme 27).  
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Scheme 27: Dithiophosphorus derivatives used as ligand 
To date, no rhodium(I) complex containing phosphonodithioate ligands 
(derived from B) is known. It would be interesting to study complexes of this 
type, in particular with respect to their catalytic potential for the carbonylation of 
methanol.
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4.1 Sulfur-Containing Ligands in Catalysis 
As in other metal-catalyzed processes, the catalytically active complexes 
involved in the carbonylation of methanol are 16-electron species, which exhibit 
more reactive properties but also need to be stabilized. Lone-pair electrons on a 
ligator atom may by π-donation compensate the electron deficiency of the metal 
center in a 16-electron species. Sulfur-containing ligands possess, apart from σ-
donor orbital, also lone-pair electrons in orbitals of correct symmetry for π-
interaction with a metal d orbital. In fact, sulfur ligands have been shown to 
stabilize coordinatively unsaturated complexes (Scheme 28). Thus, Kalck et al.205 
reported the use of rhodium thiolates as hydroformylation catalysts. Also 
fluorothiolate and aminothiolate rhodium complexes are reported to catalyse the 
hydroformylation of olefins under mild conditions of pressure and temperature.206  
S
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RhRh CO
PR3OC
R3P
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Scheme 28: Examples of dirhodium µ-thiolato used as catalyst precursor in 
the hydroformylation of olefins 
Although thiolate complexes of Rh(I) and Ir(I) with tertiary phosphine co-
ligands are well documented, most of them are di- or multinuclear containing 
bridging thiolates, but mononuclear Rh(I) or Ir(I) complexes are scarcely 
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known.207 On the other hand, it has been shown by Eisenberg et al.,208 that 
dinuclear rhodium(I) carbonyl complexes bearing dithiolate ligands are reactive 
towards primary alkyl iodides to give stable dinuclear rhodium(III) acetyl 
complexes, which ressemble monuclear intermediates in the carbonylation of 
methanol. 
The chemistry of rhodium and iridium complexes with mixed phosphorus-
sulfur chelating ligands is less well explored.209 Complexes of the type M(η2-
SCH2CH2PPh2)(PPh3)(CO) (M = Rh, Ir) are accessible from the corresponding 
fluoro derivative and the phosphinothiol (Scheme 29). Very recently, Kang et al. 
described new phosphinothiolato ligands which coordinate to rhodium(I) to give 
active catalysts for the carbonylation of methanol.210 
M PPh3
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Ph2P SHM PPh3
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Scheme 29: Example of phosphinothiolato rhodium and iridium complexes 
Prompted by the increasing success of sulfur-containing complexes in 
catalysis, we thought it would be interesting to study the coordination behavior of 
phosphinodithioates and the catalytic properties of the complexes obtained. 
4.2  Ligand Synthesis 
Phosphonodithioate syntheses from organophosphanyl chlorides or from 
P4S10 involve several laborious reaction steps.211 A new multi-steps synthesis of 
phosphonodithioic acid derivatives has been developed by Martin et al., involving 
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the use of the appropriate Grignard reagent and 2-chloro-1,3,2-dithiaphospholane 
(Scheme 30).212  
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Scheme 30: General route to phosphonodithioic acid derivatives 
 developed by Martin 
Under the appropriate conditions, 1,3-dithia-2,4-diphosphetane 2,4-disul-
fide derivatives can give a ring opening, as shown for the well-known Lawessons 
reagent.213 For this reason, we decided to use the ferrocene derivative of 
Lawessons reagent recently reported by Woollins et al.214 for the synthesis of 
phosphonodithioates by ring opening with NEt3. 
4.2.1  Preparation and Characterization 
The reaction of the ferrocene derivative of Lawessons reagent 
[(C5H5)Fe(C5H4)]2P2S4 with hydroxymethylbenzotriazole leads, in the presence of 
triethylamine, to the formation of the anion [(C5H5)Fe(C5H4PS2OCH2C6H4N3]- 
(12) which is obtained as the yellow triethylammonium salt (Scheme 31). 
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Scheme 31: Synthesis of 12 
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Figure 14: 31P NMR spectrum of 12 
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The phosphorus atom of the OPS2 moiety in 12 gives rise to a signal at 
110.2 ppm in the 31P NMR spectrum (Figure 14), which is a triplet due to the 
coupling with the methylene hydrogen atoms of the benzotriazole unit. The 1H 
NMR spectrum (Figure 15) of the triethylammonium salt of 12 shows the 
expected signals for the ferrocenyl and the benzotriazol groups, the signal of the 
methylene protons (δ = 6.5 ppm) shows up as a doublet because of the coupling 
with the phosphorus atom (3JH-P = 8.5 Hz). 
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Figure 15: 1H NMR spectrum of 12 
The IR, 13C and MS spectra of 12 are as expected, the
are given in the experimental section. 
4.2.2  X-Ray Crystal Structure Analysis 
The single-crystal X-ray structure analysis of the triethy
12 reveals a distorted tetrahedral geometry of the phosphorus
bonds are equal in length [P(1)-S(1) 1.9739(10), P(1)-S(2) 1.981
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partial π character, in agreement with those found [1.989(1) and 2.000(1) Å] for 
the amido derivative [iPrNH3][(MeOC6H4)P(iPrNH)S2].215 The molecular structure 
of 12 is shown in Fig. 16, important bond lengths and angles are given in Table 11. 
Table 11: Selected bond lengths [Å] and angles [°] for [NEt3H]12 
 
C(1)-P(1) 1.784(3) S(1)-P(1)-S(2) 117.29(5)  
O(1)-P(1) 1.645(2) C(1)-P(1)-S(2)  111.90(10)  
P(1)-S(1) 1.9739(10) C(11)-O(1)-P(1) 118.77(18)  
P(1)-S(2) 1.9811(10) O(1)-P(1)-C(1) 96.78(12) 
  O(1)-P(1)-S(1) 108.64(9)  
  C(1)-P(1)-S(1) 112.06(10)  
  O(1)-P(1)-S(2) 108.07(9)  
 
 
Figure 16: Molecular structure of 12 
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4.3 Coordination Chemistry 
Since a variety of nickel compounds are catalytically active for the 
carbonylation of methanol in the presence of iodine, we decided to investigate the 
coordination behavior of this new ligand not only with rhodium(I) but also with 
nickel(II) compounds. 
4.3.1 Nickel(II) Complexes 
Ligand 12 was found to coordinate easily to nickel(II). The nickel complex 
Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]2 (13) is obtained from the room-
temperature reaction of 12 with anhydrous nickel(II) chloride in acetonitrile, from 
which it precipitates quantitatively (Scheme 32). It is soluble in dimethylsulfoxide 
and is characterized by correct NMR and micro-analytical data. The mass 
spectrum (electrospray) shows the expected molecular peak at m/z 915. 
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Scheme 32: Synthesis of 13 
Thus, in complex 13 the ligand 12 is coordinated in a bidentate fashion 
through the two sulfur atoms of the PS2 moiety and the benzotriazole unit is not 
bound to the metal. Ligand 12 also reacts with other Ni(II) complexes: The 
reaction of the tetramethylcyclobutadiene complex [Ni(C4Me4)Cl2]2 with two 
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equivalents of 12 in dichloromethane  gives the nickel complex 
Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3)](C4Me4)Cl (14) in good yield (Scheme 33). 
The product is isolated by evaporation of the solvent and washed with ether.  
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Scheme 33: Synthesis of 14 
 The coordination of ligand 12 in complex 14 is clear from the chemical 
shift differences of the phosphorus atom in complex 14 (δ = 104.1 ppm) by 
comparison to the free ligand (δ = 110.1 ppm). The other analytical data (1H 
NMR, 13C NMR and MS spectra, microanalysis) are in accordance with the 
structure proposed. 
4.3.2 Rhodium(I) Complexes 
Ligand 12 is also found to coordinate to rhodium(I). The 
phosphonodithioate ligand 12 (2 equivalents) reacts with [Rh(cod)Cl]2 in 
dichloromethane to give the mononuclear complex Rh[(C5H5)Fe(C5H4PS2O-
CH2C6H4N3)](cod) (15) in high yield (Scheme 34). Complex 15 shows 
characteristic doublet resonances in the 31P NMR spectrum (see experimental 
section) due to coupling of the phosphorus atoms to 103Rh, indicating that 15 is 
mononuclear in solution.216 This is in line with the findings for the analogous 
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dithiocarbamate derivative Rh(S2CNMe2)(CO)2.217 The 1H NMR, 13C NMR and 
MS spectra also reflect the structure proposed. 
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Scheme 34: Synthesis of the neutral complex 15 
The molecular structure of 15 is depicted in Fig. 17, important bond 
lengths and angles are given in Table 12. 
 
Figure 17: Molecular structure of 15 
The single-crystal X-ray structure analysis of 15 shows that the complex is 
indeed mononuclear. The metal atom is in a square-planar environment and is 
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coordinated by the two S atoms of one S,S-bidentate ligand. The two PS bonds 
are equal in length [P(1)-S(1) 1.991(2), P(1)-S(2) 2.003(2) Å] and have a partial π 
character; they are, however, longer than in the free ligand 12. 
Table 12: Selected bond lengths [Å] and angles [°] for compound 15 
 
C(11)-Rh(1) 2.157(6) P(1)-S(1)-Rh(1) 84.98(7)  
C(12)-Rh(1) 2.141(6) P(1)-S(2)-Rh(1) 83.68(7) 
C(15)-Rh(1) 2.159(6) C(12)-Rh(1)-C(16) 98.6(2)  
C(16)-Rh(1) 2.149(5) C(16)-Rh(1)-C(11) 82.4(2)  
O(1)-P(1) 1.609(3) C(12)-Rh(1)-C(15) 82.4(3)  
P(1)-S(1) 1.991(2) C(11)-Rh(1)-C(15) 90.2(2) 
P(1)-S(2) 2.003(2) C(16)-Rh(1)-S(1) 91.56(18)  
S(1)-Rh(1) 2.3817(16) C(15)-Rh(1)-S(1) 94.8(2)  
S(2)-Rh(1) 2.4219(13) C(12)-Rh(1)-S(2) 93.50(17)  
  S(1)-Rh(1)-S(2) 83.47(5)  
 
Carbon monoxide reacts in dichloromethane with 15 to give quantitatively 
16. Similarly, the reaction of [Rh(CO)2Cl]2 with two equivalents of 12 affords 
Rh[(C5H5)Fe(C5H4PS2OCH2C6H4N3)](CO)2 (16) (Scheme 35). Complex 16 
exhibits two strong ν(CO) absorptions in the infrared spectrum, as expected for a 
cis-dicarbonyl arrangement.218 In the 1H NMR spectrum (Figure 18) of complex 
16, the coordination of the ligand 12 is clear from the chemical shift differences of 
the methylene protons of the benzotriazole unit (δ = 6.88 ppm; 3JH-P = 11.9 Hz) 
when compared to the same protons of the free ligand (δ = 6.42 ppm; 3JH-P = 8.5 
Hz). 
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Scheme 35: Synthesis of 16 
The coordination of ligand 12 to the rhodium center is also reflected in the 
31P{1H} NMR spectrum by the presence of a characteristic doublet.218 The 13C 
NMR, MS and microanalytical data are also in accordance with the structure 
proposed. 
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Figure 18: 1H NMR spectrum of 16 
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4.4  Catalytic Potential 
4.4.1 Carbonylation of Methanol 
The anion 12 was used as auxiliary ligand in the rhodium-catalyzed 
carbonylation of methanol. The catalytic reaction takes place in a mixture of 
methanol, iodomethane and water under a CO pressure of 22 bar at 170°C. The 
complex 16 is formed in situ on mixing [Rh(CO)2Cl]2 with two equivalents of 12 in 
methanol. In each case the conversion of methanol was greater than 98% and the 
selectivity for acetic acid was greater than 95%. 
CH3COOHCH3OH  +  CO
CH3COOCH3  +  H2OCH3COOH  +  CH3OH  
The results (Table 13) clearly demonstrate that the combination of 
rhodium and 12 improves the catalytic performance for the carbonylation of 
methanol. With respect to the classical Monsanto catalyst (entry 1), the catalytic 
turnover frequency increases from 16 to 25 min-1 by using the combination 
[Rh(CO)2Cl]2 / 12 (entry 2). Surprisingly, the combination [Rh(CO)2Cl]2 / 12 / 
PPh3, also catalyzes the carbonylation of methanol under these conditions but it is 
less active, giving a TOF of only 20 min-1 (entry 3). 
For a recycling experiment, the orange-red solution obtained after 
carbonylation reaction was evaporated to dryness under reduced pressure, giving a 
dark brown solid. With this solid as the catalyst, the catalytic reaction was repeated 
by maintaining the same experimental conditions as described above. Upon 
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recycling the catalyst for a second time, almost the same amount of conversion 
was found, being suggestive of higher catalyst stability. 
Table 13: Methanol carbonylation dataa 
 
        Entry              Precursor        Ligand        TONb 
 
1 [Rh(CO)2Cl]2 -    323 
2 [Rh(CO)2Cl]2 12    455 
3 [Rh(CO)2Cl]2 12, PPh3    403 
 
a Catalytic conditions: [Rh(CO)2Cl]2 (57 µmol), ligand (0.24 mmol, 4 eq), CH3OH (110.2 mmol), 
CH3I (11.4 mmol), H2O (81.9 mmol), 170 °C, 22 bar CO, 900 rpm, 20 min 
b mol CH3OH converted into CH3COOH and CH3COOCH3 per mol catalyst precursor 
In the nickel-catalyzed carbonylation of methanol the activity of nickel 
catalysts can be increased, and the volatility of nickel carbonyl derivatives can be 
lowered by the introduction of stabilizing ligands such as phosphines.38-42 For this 
reason, we tested ligand 12 in combination with NiI2 for the catalytic 
carbonylation of methanol to give acetic acid and methyl acetate in the presence 
of methyl iodide and water. The results of catalytic carbonylation of methanol are 
presented in Table 14. For comparison, the catalytic reactions were also carried 
out with nickel(II) iodide alone and with the Monsanto catalyst [Rh(CO)2I2]-, 
which was formed in situ under the reaction conditions.102  
GC analysis of the liquid phase at the end of the reactions shows that the 
major product is methyl acetate, although acetic acid is also formed, the catalytic 
system containing water. As evidenced by Table 14, the catalytic activity of the 
nickel systems increases in the presence of the sulfur ligand 12, but [Rh(CO)2I2]- 
still remains the most active species.  
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Table 14: Methanol carbonylation dataa 
 
        Entry              Precursor        Ligand        TONb 
 
1 NiI2 -    150 
2 NiI2 12    281 
3 [Rh(CO)2Cl]2 -    323 
 
a Catalytic conditions: [Rh(CO)2Cl]2 or NiI2 (57 µmol), ligand (0.24 mmol, 4 eq), CH3OH (110.2 
mmol), CH3I (11.4 mmol), H2O (81.9 mmol), 170 °C, 22 bar, 900 rpm, 20 min 
b mol CH3OH converted into CH3COOH and CH3COOCH3 per mol catalyst precursor 
4.4.2 Complex Isolation from Catalytic Mixture 
After completion of the carbonylation reaction, the nickel catalyst was 
recovered (as described on previous page). From this reaction mixture we isolated 
the brown complex Ni[(C5H5)Fe(C5H4PS2O)]2 (17) by crystallization of the 
organometallic residue from acetonitrile (Scheme 36). In 17, the 
methylenebenzotriazole unit of the ligand has been lost, presumably due to the 
oxophilicity of phosphorus. This is in line with the findings that the complexes cis-
M[S2P(S)(C6H4OMe)](PPh3)2 [M = Ni(II), Pd(II) and Pt(II)] are readily oxidized in 
solution to give M[S2P(O)(C6H4OMe)](PPh3)2.219 Complex 17 is also directly 
accessible from the hydrolysis of 13 in refluxing aqueous acetonitrile solution. If 
the thermal reaction of 13 with water is stopped after 12h, both complexes 13 and 
17 are present in the solution, 13 being the major one. The formation of 17 is 
evidenced by the 31P NMR spectrum of the reaction mixture, which shows the 
signal for 13 at 110 ppm as well as a signal at 75.8 ppm attributed to 17 (by 
comparison with the isolated crystals). 
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Scheme 36: Isolation of 17 
The single-crystal X-ray structure analysis of 17 reveals a square-planar 
complex, the metal being coordinated by the four S atoms of the two ligands. The 
four nickel-sulfur bonds are not equivalent, each ligand is coordinated by a shorter 
and a longer Ni-S bond [Ni-S(1) = Ni-S(1a) 2.2203(9), Ni-S(2) = Ni-S(2a) 
2.2387(8) Å]. The two phosphorus atoms have a pseudo-tetrahedral geometry, the 
four P-S bonds being very similar [P(1)-S(1) = P(1)-S(1a) 2.2203(9), Ni-S(2) = Ni-
S(2a) 2.2387(8) Å].  
Thus the ligand 12 is coordinated in a bidentate fashion through the two 
sulfur atoms of the PS2 moiety. The molecular structure of 17 is depicted in Fig. 
19, important bond lengths and angles are given in Table 15. 
 
Figure 19: Molecular structure of 17 
Ni(1) 
S(1) 
P(1) 
S(2) 
O(1) 
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Table 15: Selected bond lengths [Å] and angles [°] for compound 17 
 
P(1)-S(2) 2.0300(13) C(5)-C(1)-P(1) 124.8(3)  
P(1)-S(1) 2.0420(12) C(2)-C(1)-P(1) 127.8(3)  
S(1)-Ni(1) 2.2203(9) O(1)-P(1)-C(1) 107.63(13)  
S(2)-Ni(1) 2.2387(8) O(1)-P(1)-S(2)  117.90(10)  
Ni(1)-S(1a) 2.2203(9) C(1)-P(1)-S(2)  108.64(12)  
Ni(1)-S(2a) 2.2387(8) O(1)-P(1)-S(1) 114.65(10)  
  C(1)-P(1)-S(1)  109.15(11)  
  S(2)-P(1)-S(1)  98.40(5)  
  P(1)-S(1)-Ni(1) 86.53(4)  
  P(1)-S(2)-Ni(1) 86.33(4)  
  S(1a)-Ni(1)-S(2a) 87.47(3)  
  S(1)-Ni(1)-S(2a) 92.53(3)  
  S(1a)-Ni(1)-S(2) 92.53(3)  
  S(1)-Ni(1)-S(2) 87.47(3)  
 
4.5 Conclusion 
In this chapter, it was our aim to synthesize a new phosphonodithioate 
ligand and to study its coordination chemistry. A high-yield route to the anion 
[(C5H5)Fe(C5H4PS2OCH2C6H4N3]- (12) was developed; 12 crystallises as a 
triethylammonium salt. With rhodium(I) and nickel(II) complexes, 12 was found 
to react to give the complexes Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3]2 (13), 
Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3](C4Me4)Cl (14), Rh[(C5H5)Fe(C5H4PS2OCH2-
C6H4N3](cod) (15) and Rh[(C5H5)Fe(C5H4PS2OCH2C6H4N3](CO)2 (16). In these 
complexes, 12 behaves as a typical η2-chelating ligand using the two sulfur atoms 
of the PS2 unit for coordination. The new phosphodithioate ligand 12 gives, in 
combination with nickel(II) and rhodium(I) precursors, active catalysts for the 
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carbonylation of methanol and thus seems to stabilize the unsaturated species 
involved in the catalytic process. As 12 contains also nitrogen atoms in the 
benzotriazole unit, it may also be possible to coordinate a second metal atom. 
  87
Chapter 5 
New Diphosphine Ester Ligands: Synthesis, 
Coordination, Catalytic Properties 
As we have seen in Chapter 2, square-planar rhodium complexes containing 
two monophosphine ligands in trans-positions such as trans-[Rh(PEt3)2(CO)Cl] are 
known to be highly active for methanol carbonylation,97 but less stable than 
unsymmetrical diphosphine complexes such as cis-[Rh(Ph2PCH2CH2PAr2)(CO)Cl] 
which are, however, less active catalysts.110  
For this reason, we decided to develop diphosphine ligands containing 
suitable spacer groups between the two phosphorus atoms, in order to allow trans-
coordination in square-planar rhodium and iridium complexes. Complexes of this 
type can be expected to combine high catalytic activity with thermal stability under 
the harsh conditions of methanol carbonylation, so that they can be recovered 
intact after the catalytic process. 
5.1 trans-Spanning Diphosphine Complexes 
Diphosphine ligands are predisposed for cis coordination. Therefore, it was 
not until 1961, when Issleib and Hohlfeld prepared a square planar nickel complex 
containing the bidentate diphosphine ligand Cy2P(CH2)5PCy2 in trans-coordination 
(Scheme 37), that the possibility of preparing transition metal complexes 
containing trans-spanning bidentate ligands was generally accepted.220  
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PP PP Ni
Cl
Cl
+    NiCl2
 
Scheme 37: Preparation of trans-Ni(Cy2P(CH2)5PCy2)Cl2, the first example of a 
trans-spanning diphosphine complex 
Venanzi and coworkers extensively studied the ligand 2,11-
bis(diphenylphosphinomethyl)benzo[c]phenanthrene which, because of its size 
and rigidity, was initially believed to be able to form cis-chelate rings.221-224 This 
ligand has been used as a trans-spanning spacer to bridge distorted trigonal, 
pseudo-tetrahedral, square planar, square pyramidal, and octahedral metal centers 
(Scheme 38).  
PP PP Au
Cl
+ [Au(PPh3)Cl]
-  PPh3
 
Scheme 38: Preparation of a trans-coordinated gold(I) complex 
 Kapoor et al. used a more easily accessible bidentate ligand, 3,3-
oxybis[(diphenylphosphino)methylbenzene], in order to investigate the effect of 
the restricted backbone flexibility on the trans-coordination of diphosphine 
ligands.225 Notably, comparison of 2,11-bis(diphenylphosphinomethyl)benzo[c]-
phenanthrene and 3,3-oxybis[(diphenylphosphino)methylbenzene] ligands shows 
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that the addition of two freely rotating bonds in the latter ligand relative to the 
first is not detrimental to trans-chelation (Scheme 39). 
+ cis-PtCl2(MeCN)2PP
O
- 2 MeCN
PP
O
Pt
Cl
Cl
 
Scheme 39: Formation of a trans-platinum(II) complex 
Further efforts with preformed trans-spanning ligands focused on strapping 
a transition metal center across the mouth of a calix[4]arene backbone. This 
approach requires a suitable coordinating moiety on the distal sites, and toward 
this end, terminal phosphine moieties were used by Matt and coworkers.226-228 
These ligands have short pendent arms in order to maximize localization of the 
metal center and are attached at the phenolic oxygen atoms, leaving two further 
sites where secondary coordination moieties may be appended (Scheme 40). 
O
R O
O O
PPh2 PPh2
R
O
R O
O O
Ph2P
PPh2
R
Pt
H
PPh3
BF4-
+ [HPt(PPh3)2(thf)][BF4]
- PPh3, - thf
+
 
Scheme 40: Formation of a trans-(p-tert-butylcalix[4]arene)platinum(II) complex 
Some authors suggested that mononuclear complexes with large rings (12 
or 13 atoms) might be more stable than those with an intermediate-sized ring 
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(nine-membered rings) due to the increased flexibility of the larger ring size.229 
There are few instances in which larger rings are formed preferentially. As shown 
in Scheme 41, Shaw and coworkers showed the use of long-chain diphosphine 
ligands, (tBu)2P(CH2)nP(tBu)2 (n = 9, 10, or 12), to produce 12-45 membered 
metal chelate rings with platinum and palladium metal centers (in preference to 
open-chain polymeric species).230 In addition to platinum and palladium 
complexes, Shaw and coworkers also synthesized complexes of the type 
Ir[(tBu)2P(CH2)nP(tBu)2](CO)Cl (where n = 9, 10, or 12) to form trans-spanning 
monomers and dimers.229,231 The molecular structures of Ir[tBu2P(CH2)10PtBu2] 
(CO)Cl, Pt[tBu2P(CH2)12PtBu2]Cl2, and [Rh{tBu2P(CH2)10PtBu2}(CO)Cl]2 are 
similar inasmuch as either a chlorine or a carbonyl is gauche with respect to the 
sets of four tert-butyl groups on the trans-positioned phosphorus atoms.231 
P
P P Pt P
(CH2)6
Cl
Cl
+    PtCl2
 
Scheme 41: Preparation of trans-Pt[tBu2P(CH2)12PtBu2]Cl2 
While diphosphines of the type (tBu)2P(CH2)nP(tBu)2 (n = 9, 10, 12) give 
mono-, bi-, and trinuclear complexes M[(tBu)2P(CH2)nP(tBu2)]Cl2, the ligand 
(tBu)2P(CH2)8P(tBu)2 does not form any mononuclear complexes, therefore it was 
thought to be too small to span trans-positions.232 This study shows that larger 
chelating ligands form trans-spanning diphosphine complexes more effectively 
than small or intermediate chelating ligands.  
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Thus, the relative amount of the mononuclear trans-complex formed 
increased with increasing chain length and reached a maximum with a 
metallacyclic ring size of 15 members.233 Larger flexible rings (19 members or 
more) appear to be unstable in the trans-configuration. For complexes in which 
the square-planar coordination geometry of the metal is not doubtful [e.g. 
palladium(II) and platinum(II)], the chain length of the diphosphine ligand 
determines the nuclearity of the complexes formed: Polymeric trans-complexes are 
favored by relatively short chains (ca. six linkage atoms), cyclic trans-dimers are 
found with 10-12 linkage atoms, and trans-spanning monomers result from long 
chains (ca. 16 links).234  
We have seen that the synthesis of transition metal complexes that contain 
trans-spanning bidentate tertiary phosphine ligands remains a challenge. The 
advantages of trans-spanning phosphine ligands are obvious: Unusual metal 
geometries can be enforced, certain ligand positions can be sterically crowded or 
shielded, and the trans-spanning linkages can be modified to include a variety of 
structures. Furthermore, there are already examples of transition metal complexes 
that contain two monodendate phosphine ligands with interesting reactivity.235 
However, to fully realize the reactive potential of transition-metal complexes that 
contain trans-spanning tertiary phosphine ligands, it may be necessary to develop 
trans-spanning ligands which coordinate strongly, so that isomerization or loss of 
the trans-spanning ligand is suppressed during a catalytic process. 
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5. 2  Ligand Syntheses 
In general, easy synthetic accessibility is a major criterion for the design of 
new ligands. The ready availability of 2-diphenylphosphinobenzoic acid from the 
Wurtz coupling of sodium 2-chlorobenzoate and sodium diphenylphosphide236 
makes it an attractive building block for the synthesis of diphosphine ligands, via 
condensation of the acid function with diols, diamines or aminoalcohols.237 Trost 
et al. have shown that two of the 2-diphenylphosphinobenzoic acid molecules can 
be coupled with a variety of chiral, bidentate backbones providing a system with 
enhanced enantioselectivities in the asymmetric allylic alkylation with palladium 
complexes with respect to other monodentate and bidentate phosphine systems 
(Scheme 42).  
O
OH
PPh2
O
X
PPh2
O
X
Ph2P
HX XH
CHIRAL +    2
- 2 H2O
CHIRAL
 
Scheme 42: Simple strategy for preparing phosphine ligands  
from chiral alcohols and amines  
 We decided to apply this strategy for preparing new trans-spanning achiral 
diphosphine ligands where the two Ph2P-(C6H4)-CO moieties are connected via a 
bridge of tunable lengths. 
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5.2.1  Preparation 
As in Chapter 2, we used DCC in combination with an equimolar mixture 
of DMAP and 4-PPY as condensation reagents. The new phosphine ligands 18 - 
22 have been synthesized by condensation from 2-diphenyl-phosphinobenzoic 
acid with the corresponding aminoalcohols or diols (Scheme 43).  
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18 R = H
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Scheme 43: Synthesis of ligands 18 - 22 
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They can be isolated in good yields by column chromatography as white 
micro-crystalline powders. Noteworthy, the reaction with ethyleneglycol gives two 
compounds, 20 and 21, which can be separated on silica gel. 
5.2.2 Characterization 
Whereas the diphosphine ligands 20 and 22 are symmetrical and give only 
one resonance in the 31P{1H} NMR spectrum, the unsymmetrical diphosphine 
ligands 18 and 19 should give rise to two 31P signals. However, this is only 
observed for 19 (Figure 20), while in the case of 18 the two expected 31P signals 
fortuitously coincide.  
-3
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42
72
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-21-19-17-15-13-11-9-7-5-3-113
 
Figure 20: 31P NMR spectrum of ligand 19 
All spectroscopic data of 18 - 22 are given in the Experimental Section. 
The 1H NMR, 13C NMR, MS spectra and microanalytical data are consistent with 
the structures proposed. 
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5.3 Coordination Chemistry 
As a part of our studies on the coordination behavior of these new 
phosphine ligands, we studied their reactivity towards rhodium(I), iridium(I) and 
platinum(II) precursors and we compared the catalytic potential of the rhodium 
and iridium complexes obtained in the carbonylation of methanol. 
5.3.1 Rhodium(I) Complexes 
The diphosphine ligands 18 - 20 (2 equivalents) react with [Rh(CO)2Cl]2 to 
give the diphosphine complexes Rh(P-P)(CO)Cl (23: P-P = 18; 24: P-P = 19; 25: 
P-P = 20) in high yields (Scheme 44). The products are easily isolated by 
evaporation of the solvent and washed with ether. Compounds 23 - 25 exhibit, as 
expected, one strong ν(CO) absorption in the infrared spectrum, the monomeric 
nature of these complexes can be deduced from the mass spectra. The CO 
stretching frequencies observed for complexes 23 - 25 are comparable to those 
reported for trans-[Rh(PR3)2(CO)X]97,98 but lower than for the cis chelate 
Rh(dppe)(CO)I, providing evidence of the trans coordination. All complexes show 
only one resonance for the two equivalent phosphorus atoms in the 31P{1H} 
NMR spectrum (see Experimental Section), which appears as a doublet due to 
coupling of the phosphorus atoms to the rhodium metal center, in agreement with 
the trans-P,P stereochemistry. This is in line with the findings for the α-
cyclodextrin-diphosphine complexes developed by Matt.228 In the case of 24, 
which contains the unsymmetrical diphosphine 19, the 31P signal at δ = 47.8 ppm 
[1JRh-P = 162 Hz] observed at room temperature is a doublet. However, upon 
cooling to -60°C (CD2Cl2), this signal splits up, the ABX pattern confirming the 
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trans arrangement [2JP-P = 274 Hz]. This behavior is not due to a dynamic process 
operating in 24 but to the temperature dependence of these phosphorus chemical 
shifts. 
[Rh(CO)2Cl]2 Rh
Ph2P
PPh2
Cl
OC
Rh
COPh2P
PPh2
Cl
Ph2P
Rh
Cl
PPh2OC
[Rh(CO)2Cl]2 Ph2P PPh2
Ph2P PPh2
2
26
+ 2
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20
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2
- 2 CO
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24
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+
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Scheme 44: Synthesis of the neutral rhodium complexes 23 - 26 
As we have seen in the introduction, the stability of the trans-monomer 
increases generally with increasing chain length and reaches a maximum with a 
metallacycle of 15 members.238 In agreement with this statement, the complex 
[Rh(CO)2Cl]2 reacts with two equivalents of 22  to give the dinuclear complex 
[Rh(P-P)(CO)Cl]2 26 instead of the expected mononuclear metallacycle containing 
16 ring members. Complex 26 also exhibits only one resonance for the four 
equivalent phosphorus atoms in the 31P{1H} NMR spectrum which appears as a 
doublet.  The molecular structure of 26 is depicted in Fig. 21, important bond 
lengths and angles are given in Table 16.  
The single-crystal X-ray structure analysis of 26 shows that the metal atoms 
are coordinated by the two P atoms of the two P,P-bidentate ligands. The two 
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metal atoms are in a square-planar environment, the angles P(2)-Rh(1)-P(1), 
C(21)-Rh(1)-Cl(1), P(2)-Rh(1)-C(21), C(21)-Rh(1)-P(1), P(1)-Rh(1)-Cl(1), Cl(1)-
Rh(1)-P(2) being 175.24(5), 174.74(10), 90.33(9), 90.78(10), 91.74(9), 86.78(12)°, 
respectively. The two rhodium atoms are bridged by two diphosphine ligands, 
maintaining the trans-P,P-coordination geometry of each rhodium atom. 
 
Figure 21: Molecular structure of the dinuclear complex 26 
Table 16: Selected bond lengths [Å] and angles [°] for complex 26 
 
Rh(1)-P(1a) 2.345(2) P(2)-Rh(1)-P(1) 175.24(5) 
Rh(1)-P(2a) 2.318(2) C(21)-Rh(1)-Cl(1) 174.74(10) 
Rh(2)-P(1b) 2.345(2) P(2)-Rh(1)-C(21) 90.33(9) 
Rh(2)-P(2b) 2.318(2) C(21)-Rh(1)-P(1) 90.78(10) 
  P(1)-Rh(1)-Cl(1) 91.74(9) 
  Cl(1)-Rh(1)-P(2) 86.78(12) 
 
Rh(1) Cl(1) 
O(45) 
P(1) 
P(2) 
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The four P-Rh bonds are almost equal in length [P(1a)-Rh(1) = P(1b)-
Rh(2) = 2.345(2), P(2a)-Rh(1) = P(2b)-Rh(2) = 2.318(2) Å]. These bond distances 
and angles are similar to those reported by Shaw239 for trans-{Rh[(tBu)2P(CH2)10P 
(tBu)2](CO)Cl}2 and trans-{Pd[(tBu)2P(CH2)10P(tBu)2]Cl2}2.  
5.3.2 Iridium(I) Complexes 
The diphosphines 18 - 20 were found to coordinate to iridium(I) through 
the two phosphorus atoms (Scheme 45). The chloro complexes Ir(P-P)(cod)Cl 
(27: P-P = 18; 28: P-P = 19; 29: P-P = 20) are directly obtained from [Ir(cod)Cl]2 
and the corresponding diphosphine ligands, using a 1 : 2 ratio in dilute solution, in 
order to avoid the formation of [Ir(P-P)2]Cl or polynuclear species, as observed 
with other diphosphines.240 The phosphorus atoms of the P-Ir-P moieties give rise 
to a signal at about 20.5 ppm in the 31P{1H} NMR spectrum. On the basis of the 
spectroscopic data (see Experimental Section), we can formally represent 
complexes Ir(P-P)(cod)Cl (27 - 29) to contain a monodentate cyclooctadiene 
ligand in a square-planar coordination geometry: In the 1H NMR spectrum the 
olefinic protons are clearly different, the signal at δ = 4.89 ppm can be assigned to 
the non-coordinated HC=CH group, while the signal at δ = 4.09 ppm can be 
assigned to the coordinated HC=CH group. This is in line with the values for the 
corresponding group in free cyclooctadiene (δ = 5.56 ppm) and in [Ir(cod)Cl]2 (δ 
= 4.20 ppm). However, a trigonal bipyramidal coordination geometry with cod, 
behaving as a cis-bidentate ligand cannot be ruled out completely, as it was 
observed in Ir(diop)(cod)Cl or in Ir(pnp)(cod)H.241,242 In the later cases, however, 
the diphosphine ligands isopropylidene-2,3-dihydroxy-1,4bis(diphenylphosphino)-
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butane (diop) and (α-methylbenzyl)bis(2-(diphenylphos-phino)ethyl)amine (pnp) 
are cis-coordinated to iridium, while in 27 - 29 the diphosphine ligands 18 - 20 are 
trans-coordinated.  
Ph2P
Ir
Cl
PPh2
Cl
Ir
PPh2
OH
Ph2P PPh2
Ph2P OH
[Ir(cod)Cl]2   + 2
18
19
20
21 33
27
28
29
2
2[Ir(cod)Cl]2   + 2
 
Scheme 45: Synthesis of the neutral iridium complexes 27 - 29 and 33 
Carbon monoxide reacts in dichloromethane with 27 - 29 to give almost 
quantitatively the carbonyl complexes 30 - 32, which show only one 31P{1H} 
NMR resonance for the two equivalent phosphorus atoms, too, but it is shifted 
downfield to about 27.0 ppm (Scheme 46).  
The analogous reaction of the cyclooctadienechloro complex [Ir(cod)Cl]2 
with two equivalents of 21 in dichloromethane gives the iridium complex 
Ir(21)(cod)Cl 33 in good yield. Complex 33 shows a broad signal at δ 20.3 ppm in 
the 31P{1H} NMR spectrum. The molecular structure of 33 is shown in Fig. 22, 
important bond lengths and angles are given in Table 17. 
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Scheme 46: Synthesis of the neutral iridium complexes 30 - 32 and 34 
The single-crystal X-ray structure analysis of 33 reveals a distorted square-
planar coordination geometry of the iridium atom, the angles P(1)-Ir(1)-C(8), P(1)-
Ir(1)-C(1), C(4)-Ir(1)-Cl(1), C(5)-Ir(1)-Cl(1), P(1)-Ir(1)-Cl(1) being 164.8(2), 
158.2(2), 155.8(2), 164.4(2), 90.7(6), respectively. Complex 33 contains an Ir-
ClHO hydrogen bonding interaction [Ir(1)-H(30) = 2.3209 Å, Cl(1)-H(30)-O(3) 
= 162.43°].  
Table 17: Selected bond lengths [Å] and angles [°] for complex 33 
 
Ir(1)-P(1) 2.342(18) P(1)-Ir(1)-C(8) 164.8(2) 
Ir(1)-C(1) 2.182(7) P(1)-Ir(2)-C(1) 158.2(2) 
Ir(1)-C(4) 2.108(7) C(4)-Ir(1)-Cl(1) 155.8(2) 
Ir(1)-C(8) 2.154(7) C(5)-Ir(1)-Cl(1) 164.4(2) 
Ir(1)-Cl(1) 2.379(16) P(1)-Ir(1)-Cl(1) 90.7(6) 
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Figure 22: Molecular structure of the mononuclear complex 33 
5.3.3  Platinum(II) Complexes 
The trans coordination of the diphosphine ligands in the mononuclear 
complexes, assumed for 23 - 25, 27 - 29 and 30 - 32 on the basis of their 
spectroscopic data, was finally confirmed by a single-crystal X-ray structure 
analysis of the platinum complex Pt(19)I2 (35). Complex 35 is obtained almost 
quantitatively from the reaction of Pt(cod)I2 with the diphosphine ligand (19) in 
dichloromethane (Scheme 47). In the 31P{1H} NMR spectrum, the two 
phosphorus atoms gives rise to two very close signals at δ = 12.1 ppm and δ = 
11.6 ppm, showing the characteristic satellites due to 31P-195Pt coupling. In the 1H 
NMR spectrum, 35 gives rise to the expected signals of ligand 19.  
Ir(1) 
P(1) 
Cl(1) 
O(3) 
H(30) 
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Scheme 47: Synthesis of the neutral platinum complex 35 
The trans coordination of 19 in 35 is unambiguously revealed by a single-
crystal X-ray structure analysis which shows a square-planar coordination 
geometry around the platinum metal center. The Pt atom is coordinated to two I 
atoms and to the two P atoms of the diphosphine ligand. The two platinum-
phosphorus bonds [Pt(1)-P(1) 2.31(9), Pt(1)-P(2) 2.33(9) Å] and the two platinum-
iodine bonds [Pt(1)-I(1) 2.61(5), Pt(1)-I(2) 2.62(5) Å] are almost equal in length. 
The molecular structure of 35 is depicted in Fig. 23, important bond lengths and 
angles are given in Table 18. 
Table 18: Selected bond lengths [Å] and angles [°] for complex 35 
 
Pt(1)-P(1) 2.0300(13) P(1)-Pt(1)-P(2) 178.40(4) 
Pt(1)-P(2) 2.0420(12) P(1)-Pt(1)-I(1) 93.52(3) 
Pt(1)-I(1) 2.2203(9) P(1)-Pt(1)-I(2) 89.29(3) 
Pt(1)-I(2) 2.2387(8) P(2)-Pt(1)-I(2) 86.05(3) 
  P(2)-Pt(1)-I(2) 91.30(3) 
  I(1)-Pt(1)-I(2) 173.22(10) 
 
These bond distances are similar to those reported by Feringa et al. for 
trans-dichloro{bis[N-(2-diphenylphosphino)phenyl]-2,6-pyridinedicarboxamide}-
platinum.243 The angles P(1)-Pt(1)-P(2), P(1)-Pt(1)-I(1), P(1)-Pt(1)-I(2), P(2)-Pt(1)-
I(1), P(2)-Pt(1)-I(2), I(1)-Pt(1)-I(2) [178.40(4), 93.52(3), 89.29(3), 86.05(3), 
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91.30(3), 173.22(10)°, respectively] are not far from those of the ideal square-
planar geometry.  
 
Figure 23: Molecular structure of the mononuclear complex 35 
5.4 Carbonylation Potential 
5.4.1 Catalytic Carbonylation of Methanol 
The diphosphine ligands 18, 19, 20 and 22 have been tested in combination 
with [Rh(CO)2Cl]2 or [Ir(cod)Cl]2 for the catalytic carbonylation of methanol to 
give acetic acid and methylacetate in the presence of iodomethane and water.  
CH3COOHCH3OH  +  CO
CH3COOCH3  +  H2OCH3COOH  +  CH3OH  
Pt(1) 
I(2) 
P(2) 
N(1) 
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The reaction was carried out at 170°C under a CO pressure of 22 bar, the catalyst 
/ substrate ratio being 1 : 2000. After 15 minutes the reaction was stopped, and 
the products were analyzed by GC for the determination of the quantities formed. 
The results of the catalytic carbonylation of methanol are presented in Table 19. 
Table 19: Methanol carbonylation dataa 
 
        Entry              Precursor        Ligand        TONb 
 
1 [Rh(CO)2Cl]2 -    381 
2 [Rh(CO)2Cl]2 18    732 
3 [Rh(CO)2Cl]2 19    803 
4 [Rh(CO)2Cl]2 20    672 
5 [Rh(CO)2Cl]2 22    650 
6 [Ir(cod)Cl]2 -    227 
7 [Ir(cod)Cl]2 18    312 
8 [Ir(cod)Cl]2 19    350 
9 [Ir(cod)Cl]2 20    321 
 
a Catalytic conditions: [Rh(CO)2Cl]2 or [Ir(cod)Cl]2 (57 µmol), ligand (0.24 mmol, 4 eq), 15 min, 
CH3OH (110.2 mmol), CH3I (11.4 mmol), H2O (81.9 mmol), 170 °C, 22 bar CO, 900 rpm 
b mol CH3OH converted into CH3COOH and CH3COOCH3 per mol catalyst precursor 
 
In each case the conversion of methanol was greater than 98% and the 
selectivity for acetic acid was greater than 99%. The complexes 23 - 26 are formed 
in situ on mixing [Rh(CO)2Cl]2 with two equivalents of 18 - 20 or 22 in methanol. 
As a control experiment, the catalytic reaction was carried out with the Monsanto 
catalyst [Rh(CO)2I2]-, which was also formed in situ from [Rh(CO)2Cl]2 under the 
reaction conditions (entry 1).102  
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As evidenced by Table 19, the catalytic activity increases considerably in 
the presence of a rhodium precursor with the diphosphine ligands 18, 19, 20 or 22, 
ligand 19 being the most active one (entry 3). The combination [Rh(CO)2Cl]2 / 19 
catalyzes the carbonylation of methanol at a rate nearly double that of 
[Rh(CO)2I2]-. By comparison of the system [Rh(CO)2Cl]2 / 20 with the system 
[Rh(CO)2Cl]2 / 22, we can note that changing the distance between the two esters 
by modifying the length of the tether showed little variation in catalytic activity. 
Noteworthy the rates for the iridium systems (entries 6-9) were all lower than the 
commercial [Rh(CO)2I2]- catalyst. Moreover, rhodium and iridium complexes of 
unsymmetrical diphosphine ligands are more efficient catalysts than their 
symmetrical analogues for methanol carbonylation. In the ester ligands, a source 
of rotational freedom may result from rotation about the acyl-oxygen bond. We 
rigidified this linkage by going to the analogous amide linkage as in ligands 18 and 
19 (Figure 24). 
O
O
PPh2
O
O
Ph2P
NR
O
PPh2
O
O
Ph2P
 
Figure 24: Restricted rotation of amides with respect to esters 
By comparison with 18, the better activity obtained with 19 can be 
explained by the increased steric hindrance of the nitrogen atom and we can 
postulate that an interaction between the -NH group of 18 and the metal center 
decreases the catalytic potential of the complex formed. 
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5.4.2  Complex Isolation from the Reaction Mixture 
In the case of the most active combination, [Rh(CO)2Cl]2 / ligand 19, the 
catalyst stays active throughout several catalytic runs: An homogeneous orange-
red solution is obtained after the catalytic reaction, containing two rhodium 
diphosphine complexes. By IR and 31P NMR analysis, one of them is identified to 
be the iodo analogue of the rhodium(I) complex 24 [δ = 47.8 ppm, 1JRh-P = 164 
Hz, ν(CO) = 1970 cm-1], the other one is the rhodium(III) complex 36 [δ = 30.8 
ppm, 1JRh-P = 100 Hz]. This mixture is still active for further catalytic runs, 
showing almost the same catalytic activity. 
Ph2P
Rh
Cl
PPh2OC
Ph2P PPh2
I
I
RhRh
PPh2Ph2P
II
CC
OO Me Me
I
I
RhRh
Ph2P
PPh2I CC
MeO Me O
I
2
+ 4 MeI
24
- 2
36a 36b  
Scheme 48: Formation of the neutral rhodium complexes 36a and 36b 
The red complex 36 can be isolated from the organometallic residue of the 
catalytic reaction by cristallisation from acetone; it is also directly accessible from 
the reaction of 24 with methyliodide in acetone solution (Scheme 48). 36 is a 
dinuclear Rh(III) complex in which the rhodium atoms are bridged by one 
diphosphine and two iodo ligands, both rhodium atoms carrying an acetyl ligand 
and a terminal iodo ligand. Complex 36 exists in two isomers 36a and 36b, 
depending on the cis or trans arrangement of the two terminal iodo ligands at the 
two rhodium atoms. The two isomers present in solution are separated by 
fractional crystallization from acetone: 36a crystallizes rapidly, while 36b takes 
several hours to crystallize after elimination of 36a. 
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The Rh-COMe bond lengths of 36a are relatively long, 2.11 and 2.15 Å, as 
compared with most other rhodium acetyl complexes, which generally have bond 
lengths around 2.00 Å, which is also the case of 36b (1.99 and 2.02 Å). The long 
Rh-COMe bond must reflect a large trans influence of the carbonyl groups of the 
ligand. As a consequence, the Rh-O bonds in 36a (2.33 and 2.29 Å) are shorter 
than those observed for 36b (2.33 and 2.38 Å). The geometry of the six-
membered chelation ring formed by these Rh-O interactions can explain the 
relative stability of the two complexes and more generally of the catalytic system. 
In the case of 36a, the acetyl ligands have the same orientation, the acetyl oxygen 
atoms pointing towards the H atom of a phenyl group, because there is an 
intramolecular contact between these two atoms (2.59 and 2.61 Å). In 36b, the 
acetyl groups form also hydrogen bonds (2.46 and 2.65 Å) and show for this 
reason an opposite orientation. It is noteworthy that in both isomers 36a and 36b, 
the rhodium atoms do not have a square pyramidal but an octahedral coordination 
geometry (Figure 25 and 26), thanks to the carbonyl oxygen atoms of the ligand 
chain (Rh-O 2.33 and 2.29 Å in 36a, 2.33 and 2.38 Å in 36b). The six-membered 
chelating ring is approximately planar, the two Rh-P bonds (2.28 and 2.27 Å) are 
equal in length for 36a and 36b.  
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Figure 25: Molec
Figure 26: Molec
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It is dangerous to assume that in a labile system, the species isolated from a 
solution fully characterizes the species present in the solution. Furthermore, it has 
been shown that iodo-bridged dinuclear complexes can be formed and isolated in 
solid state but evolved to mononuclear [Rh(CO)2I3]2- under CO or 
[(COCH3)Rh(CO)I3]- under catalytic conditions.199 It is also known that this type 
of rhodium acetyl dimers are very easily cleaved with a phosphine.55 Hence the 
bridge opening reaction of 36 should be facile. In our case, the highest mass ion 
observed in the ESI mass spectrum of the mixture obtained after a catalytic run 
corresponds to the mononuclear fragment (COMe)Rh(19)I2. The 13C NMR 
spectrum shows two poorly resolved acetyl carbonyl signals at δ = 211.38 ppm 
and δ = 207.49 ppm. The complex (COMe)Rh(19)I2 is certainly one of the 
complexes involved in the catalytic process but unfortunately our experiments do 
not give sufficient information to characterize all the species. 
5.5 Conclusion 
We developed a new route to synthesize trans-spanning ligands 18 - 22, 
which coordinate to rhodium(I), iridium(I) and platinum(II), in order to find 
active and stable catalysts for the carbonylation of methanol. Pringle et al. have 
supposed that the dissymmetry of the diphosphine ligand is very important for the 
catalytic activity and the stability of rhodium complexes in the carbonylation of 
methanol,110 as it has been shown for the rhodium-phosphine-catalyzed 
hydroformylation of olefins by Casey et al.244 Indeed, the rhodium complex 
Rh(19)(CO)Cl (24), containing an unsymmetrical diphosphine ligand, turned out 
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to be more active and more stable under catalytic conditions than the classical 
Monsanto system.  
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Scheme 49: Proposed mechanism for the catalytic cycle of the methanol 
carbonylation catalyzed by the neutral Rh(19)(CO)Cl (24) 
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During the formation of the dinuclear complex (COMe)2Rh2(19)I4 (36) 
from two mononuclear complexes 24, one of the two diphosphine ligands is 
liberated. Phosphine loss during the catalytic process has already been proposed 
by Cole-Hamilton et al. in the case of Rh(PEt3)2(CO)I, without the supposed 
monophosphine species Rh(PEt3)(CO)I being isolated.97 Oxidative addition of 
iodomethane to 24 yields the rhodium(III) acetyl complex 36, presumably through 
the intermediacy of the corresponding mononuclear methylrhodium(III) complex. 
The facile migratory insertion of carbon monoxide during oxidative addition of 
iodomethane to carbonyl rhodium(I) complexes is well known.245,246  
On the basis of these observations, we propose the catalytic cycle shown in 
Scheme 49 for the mechanism of the carbonylation of methanol catalyzed by 24. 
A similar cycle has been proposed for the same reaction catalyzed by 
Rh(Ph2PCH2PSPh2)(CO)I, in which several intermediates have been detected 
spectroscopically.102 The dinuclear complex isomers 36a and 36b formed by 
elimination of a diphosphine ligand may be considered as a reservoir for the active 
mononuclear species. The formation of the dinuclear complexes 36a and 36b can 
be suppressed by using an excess of the diphosphine ligand. 
Since unsymmetrical diphosphine ligands seem to be efficient, it would be 
interesting to synthesize new diphosphine ester ligands, especially with tert-butyl 
groups on the trans-disposed phosphorus atoms. In fact, these substituents should 
be able to form trans-spanning diphosphine complexes with increased steric 
hindrance. It would also be interesting to change the substituents on the nitrogen 
atom of the ligand. 
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Chapter 6 
Conclusion and Perspectives 
In this thesis, we developed three different classes of new multifunctional 
ligands, studied their coordination chemistry with group VIII metals and their 
catalytic potential for the carbonylation of methanol. It appears that the ester 
diphosphine ligands we developed have the most interesting perspectives for 
catalysis. These ligands allow trans coordination in square-planar rhodium(I), 
iridium(I) and platinum(II) complexes. By virtue of their good σ-donor properties 
and their π-capability, they form Rh(I) and Ir(I) complexes, which are highly active 
catalysts. New ligands of this type can be designed very easily in the lines which 
we developed.  
O
PPh2
Ru
Ru
S
SS O
O
O O
Ph2P
O
PPh2
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Figure 27 
Thus, we have obtained very recently the new ruthenium-phosphine 
dendritic molecule shown in Figure 27 from 2-diphenylphosphinobenzoic acid 
and Ru2(p-CH3-C6H4-iPr)2(S-C6H4-p-OH)3Cl by using our condensation method. 
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This compound used as a ligand in combination with [Rh(CO)2Cl]2 for the 
catalytic carbonylation of methanol show a very high catalytic activity. 
This preliminary result demonstrates the high potential of multifunctional 
phosphine ligands developed by our condensation method for coordination and 
catalysis. The versatility of this concept is almost without limit. 
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Chapter 7 
Experimental Section 
7.1 Apparatus 
All reactions were carried out under nitrogen, using standard Schlenk 
techniques. Catalytic reactions were performed in a high pressure Schlenk tube 
able to withstand 8 bars of internal pressure or were carried out in 100 ml 
autoclaves equipped with glass-lined steel vessels.  
In appropriate cases thin layer chromatography (TLC) was used to purify 
compounds.247 TLC plates were prepared by placing a uniform 0.5 mm layer of 
the appropriate support (Al2O3 or SiO2; G or G/UV254, Macherey-Nagel) on 
20х20 cm glass plates.248 After charging the plates with the support they were 
allowed to air dry for 1h and then dried in an oven at 125°C for 12h. When strictly 
anhydrous conditions were necessary, freshly activated plates were used. 
7.2 Solvents and Gases 
Solvents were purified and dried according to standard laboratory 
practices.249 Distillation of solvents was carried out under an N2 atmosphere. 
Laboratory gases were purchased from Carbagas and used directly from the 
cylinders without further purification.  
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7.3 Starting material 
The compounds [Ir(cod)Cl]2,250 [Rh(CO)2Cl]2,251 [Rh(cod)Cl]2,252 
[Ni(C4Me4)Cl2]2,253 and [(C5H5)2Fe(C5H4)]2P2S4214 were prepared as described 
previously. All other reagents were purchased (Fluka) and used as received.  
7.4 Instrumentation and Analyses 
7.4.1 Infrared Spectroscopy 
Infrared spectra were recorded with a Perkin-Elmer 1720X FT-IR 
spectrometer in transmission mode where the absorptions are given in reciprocal 
centimetres (cm-1). A standard press was used to produce KBr pellets. Intensity 
data are described with the following abbreviations: vs = very strong, s = strong, 
m = medium, w = weak, vw = very weak, sh = shoulder. 
7.4.2 NMR Spectroscopy 
Nuclear magnetic resonance spectra were recorded using a Varian Gemini 
200 BB instrument or a Bruker AMX 400 spectrometer and referenced by using 
the resonances of the residual non-deuterated solvents. 1H NMR: internal 
standard solvent, external standard TMS; 13C NMR: internal standard solvent, 
external standard TMS; 31P NMR: external standard 85% H3PO4. Chemical shifts 
are given in ppm and coupling constants J in Hz (br = broad, s = singulet, d = 
doublet, t = triplet, dd = doublet of doublet, m = multiplet).  
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7.4.3 Gas Chromatography 
Gas chromatography was performed on a Dani 86.10 gas chromatograph 
equipped with a split-mode capillary injection system and flame ionisation 
detector using a Cp-wax 52-CB capillary column (25m х 0.32mm).  
7.4.4 Elemental Analyses 
Microanalyses were carried out by the Laboratory of Pharmaceutical 
Chemistry, University of Geneva (Switzerland) or by the Mikroelementar-
analytisches Laboratorium, ETH Zürich (Switzerland). 
7.4.5 Mass Spectra 
 FAB and ESI mass spectra were measured by Professor T. A. Jenny of the 
University of Fribourg (Switzerland). 
7.5 Compounds of Chapter 2 
7.5.1 Synthesis of (C6H4N3CH2CO2C5H4N) (1) 
N
N
N
O
O
N
 
A solution of 2-pyridinecarboxylic acid (826 mg, 6.71 mmol), N,N-
dicyclohexylcarbodiimide (2.7 g, 13.1 mmol), 4-(dimethylamino)pyridine (122 mg, 
1 mmol), 4-pyrrolidinopyridine (148 mg, 1 mmol) and hydroxymethylbenzotria-
zole (1.1 g, 7.4 mmol) in CH2Cl2 (40 mL) was allowed to stand at room 
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temperature under nitrogen, until the esterification was complete. The resulting 
solution was filtered through Celite to remove N,N-dicyclohexyl urea, and the 
filtrate was concentrated under reduced pressure. The residue was 
chromatographed on a silica gel column (150 g), eluting with ethyl acetate/hexane 
(1/1). The product was isolated from the third fraction by evaporation of the 
solvent, giving 1.1 g (65 %) of 1 as a white solid.  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:1 ethyl acetate/hexane solution. Elemental analysis (%) 
calculated for C13H10N4O2 (254.2): C 61.4, H 4.0; found C 61.1, H 4.3; IR (KBr): 
3283m, 3071vw, 3050vw, 3002vw, 2927s, 2852m, 2119vw, 1695vs (C=O ester), 
1645s (C=O amide), 1584vw, 1519s, 1432m, 1349m, 1119m, 748m, 694m cm1; 
ESI-MS: m/z: 254 [M]+; 1H NMR (200 MHz, [D6]Acetone, 21°C): δ = 8.60 (d, 
1H; ArH), δ = 8.10 (d, 1H; ArH), δ = 7.93 (d, 1H; ArH), δ = 7.65 (t, 1H; ArH), δ 
= 7.62 (t, 1H; ArH), δ = 7.44 (t, 1H, ArH), δ = 7.28 (t, 2H; ArH), δ = 6.82 (s, 2H, 
-CH2); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 164.40, 150.46, 146.63, 
146.36, 137.48, 133.13, 128.81, 127.94, 126.11, 124.88, 120.26, 110.55, 69.11. 
7.5.2 Synthesis of (C6H4N3CH2CO2C5H4FeC5H5) (2) 
N
N
N
O
O
Fe
 
A solution of ferrocenecarboxylic acid (1.4 g, 6.54 mmol), N,N-
dicyclohexylcarbodiimide (2.7 g, 13.1 mmol), 4-(dimethylamino)pyridine (122 mg, 
1 mmol), 4-pyrrolidinopyridine (148 mg, 1 mmol) and  
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hydroxymethylbenzotriazole (1.04 g, 7.04 mmol) in CH2Cl2 (40 mL) was allowed 
to stand at room temperature under nitrogen, until the esterification was 
complete. The resulting solution was filtered through Celite to remove N,N-
dicyclohexyl urea, and the filtrate was concentrated under reduced pressure. The 
residue was chromatographed on a silica gel column (150 g), eluting with 
acetone/hexane (1/4). The product was isolated from the third fraction by 
evaporation of the solvent, giving 1.3 g (58 %) of 2 as an orange solid.  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:1 acetone/hexane solution. Elemental analysis (%) calculated 
for C18H15Fe1N3O2 (361.2): C 59.9, H 4.2; found C 60.1, H 4.3; IR (KBr): 3118vw, 
3040vw, 2928m, 1708vs (C=O ester), 1459s, 1276m, 1108s, 967m, 746m cm1; 
ESI-MS: m/z: 361 [M]+; 1H NMR (200 MHz, [D6]Acetone, 21°C): δ = 8.10 (d, 
1H; ArH, 3JH-H = 8.54 Hz), δ = 7.93 (d, 1H; ArH, 3J H-H = 8.54 Hz), δ = 7.62 (t, 
1H; ArH), δ = 7.44 (t, 1H, ArH), δ = 6.82 (s, 2H, -CH2), δ = 4.82 (m, 2H, CpH), 
δ = 4.44 (m, 2H, CpH), δ = 3.90 (s, 5H; CpH); 13C NMR (50 MHz, [D6]Acetone, 
21°C): δ = 171.30, 147.30, 146.39, 133.06, 133.03, 128.67, 124.93, 120.34, 110.74, 
72.46, 72.43, 70.76, 70.16, 70.03, 70.00, 69.95, 69.01, 68.98, 67.62. 
7.5.3 Synthesis of (C6H4N3CH2CO2C5H4Fe)2 (3) 
N
N
N
O
O
N
N
N
O
O
Fe
 
A solution of ferrocenedicarboxylic acid (1.7 g, 6.59 mmol), N,N-
dicyclohexylcarbodiimide (5.5 g, 26.6 mmol), 4-(dimethylamino)pyridine (122 mg, 
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1 mmol), 4-pyrrolidinopyridine (148 mg, 1 mmol) and  
hydroxymethylbenzotriazole (1.94 g, 13.04 mmol) in CH2Cl2 (40 mL) was allowed 
to stand at room temperature under nitrogen, until the esterification was 
complete. The resulting solution was filtered through Celite to remove N,N-
dicyclohexyl urea, and the filtrate was concentrated under reduced pressure. The 
residue was chromatographed on a silica gel column (150 g), eluting with 
acetone/hexane (1/1). The product was isolated from the fourth fraction by 
evaporation of the solvent, giving 1.3 g (51 %) of 3 as an orange solid.  
Elemental analysis (%) calculated for C26H20Fe2N6O4 (592.2): C 52.7, H 
3.4; found C 52.9, H 3.5; IR (KBr): 3100vw, 3050vw, 2927s, 1723vs (C=O ester), 
1452m, 1270s, 1155m, 1102s, 968m cm1; ESI-MS: m/z: 592 [M]+; 1H NMR (200 
MHz, [D6]Acetone, 21°C): δ = 8.10 (d, 4H; ArH, 3JH-H = 8.43 Hz), δ = 7.71 (t, 
2H; ArH), δ = 7.51 (t, 2H, ArH), δ = 6.89 (s, 4H, -CH2), δ = 4.66 (t, 4H, CpH), δ 
= 4.19 (t, 4H, CpH); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 171.30, 147.30, 
146.39, 133.06, 133.03, 128.67, 124.93, 120.34, 110.74, 72.46, 72.43, 70.76, 70.16, 
70.03, 70.00, 69.95, 69.01, 68.98, 67.62. 
7.5.4 Synthesis of C6H4N3CH2CO2C4H2S1CO2CH2C6H4N3 (4) 
N
N
N N
N
N
O O
OO
S
 
A solution of 2,5-thiophenedicarboxylic acid (1.72 g, 10 mmol), N,N-
dicyclohexylcarbodiimide (2.3 g, 11 mmol), 4-(dimethylamino)pyridine (122 mg, 1 
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mmol), 4-pyrrolidinopyridine (148 mg, 1 mmol) and  hydroxymethylbenzotriazole 
(3.3 g, 22 mmol) in CH2Cl2 (40 mL) was allowed to stand at room temperature 
under nitrogen, until the esterification was complete. The resulting solution was 
filtered to remove N,N-dicyclohexyl urea and the filtrate was concentrated under 
reduced pressure. The residue was chromatographed on silica gel (80g), eluting 
with hexane/ether (1/1) to afford 2.7 g (62%) of 1 as a white solid.  
Elemental analysis (%) calculated for C20H14S1O4N6 (434.4): C 55.29, H 
3.25, N 19.35; found C 55.25, H 3.27, N 19.31; IR (KBr): 3029vw, 2979w, 1749s, 
1709vs, 1532m, 1452m, 1280s, 1240s, 1159m, 1069s, 989m, 743s, 543m, 493m 
cm-1; FAB-MS (positive ion): m/z: 435 [M+];  1H NMR (200 MHZ, [D6]Acetone, 
21°C): δ = 8.07 (m, 4H), δ = 7.87 (s, 2H), δ = 7.68 (t, 2H), δ = 7.37 (t, 2H), δ = 
6.99 (s, 4H); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 160.46, 146.31, 138.28, 
134.73, 132.95, 128.94, 124.97, 120.44, 110.17, 68.82. 
7.5.5 Synthesis of [C6H4N3CH2CO2C6H4PPh2] (5) 
N
N
N
O
O
PPh2
 
A solution of 2-diphenylphosphinobenzoic acid (1.4 g, 4.6 mmol), N,N-
dicyclohexylcarbodiimide (1.3 g, 6.3 mmol), 4-(dimethylamino)pyridine (122 mg, 1 
mmol), 4-pyrrolidinopyridine (148 mg, 1 mmol) and  hydroxymethylbenzotriazole 
(750 mg, 5.0 mmol) in CH2Cl2 (40 mL) was allowed to stand at room temperature 
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under nitrogen, until the esterification was complete. The resulting solution was 
filtered through Celite to remove N,N-dicyclohexyl urea, and the filtrate was 
concentrated under reduced pressure. The residue was chromatographed on a 
silica gel column (150 g), eluting with diethyl ether/hexane (1/1). The product was 
isolated from the third fraction by evaporation of the solvent, giving 1.3 g (65 %) 
of 5 as a white solid.  
Elemental analysis (%) calculated for C26H20N3O2P1 (437.4): C 71.4, H 4.6; 
found C 71.1, H 4.3; IR (KBr): 3051vw, 2927s, 2852m, 1723vs (C=O ester), 
1584vw, 1434m, 1244s, 1049m, 984m, 695s cm1; ESI-MS: m/z: 437 [M]+; 1H 
NMR (200 MHz, [D6]Acetone, 21°C): δ = 8.06-7.46 (m, 1H; ArH), δ = 6.94 (s, 
2H, -CH2); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 165.76, 146.36, 142.38, 
141.82, 137.69, 137.47, 134.68, 133.25, 132.96, 132.38, 132.01, 131.67, 131.62, 
128.62, 124.73, 120.19, 110.48, 68.73; 31P NMR (81 MHz, [D6]Acetone, 21°C) : -
2.7 (s). 
7.5.6 Synthesis of CoI2(C6H4N3CH2CO2C5H4FeC5H5)2 (6) 
O
N
N
N
Co
I
I
O
O
N N
N O
Fe
Fe
 
A solution of CoI2 (200 mg, 0.62 mmol) in dichloromethane (10 ml) was 
added dropwise to a solution of ferrocene(carboxylato-methylenebenzotriazole) 2 
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(431 mg, 1.25 mmol) in the same solvent (10 ml). The resulting solution was 
stirred at room temperature for 1h. The product precipitated as green solid, which 
was filtered off, washed with hexane (20 ml) and dried in vacuo (174 mg, 75%). 
Crystals suitable for X-ray diffraction analysis were grown by slow evaporation of 
a 1:3 acetone/hexane solution.  
Elemental analysis (%) calculated for C36H30Co1Fe2I2N6O4 (1035.1): C 
41.8, H 2.9; found C 41.5, H 3.1; IR (KBr): 3092m, 3030vw, 1723vs (C=O ester), 
1455m, 1269s, 1199m, 782m, 481m cm1; ESI-MS: m/z: 1035 [M]+ 
7.5.7 Synthesis of [CoI2(C6H4N3CH2CO2C4H2S1CO2CH2C6H4N3)]n (7) 
N N
N O
O
S
NN
NO
O
Co
I
I
n 
A solution of CoI2 (100 mg, 0.31 mmol) in dichloromethane (10 ml) was 
added dropwise to a solution of thiophene-2,5-di(carboxylato-
methylenebenzotriazole) (140 mg, 0.32 mmol) in the same solvent (10 ml). The 
resulting solution was stirred at room temperature for 1h. The product 
precipitated as green solid, which was filtered off, washed with hexane (20 ml) and 
dried in vacuo (174 mg, 75%).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:3 acetone/hexane solution. Elemental analysis (%) calculated 
for C20H14CoI2N6O4S (747.17): C 32.2, H 1.9; N 11.25 found C 32.6, H 1.6, N 
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11.3. IR (KBr): 3029vw, 2979w, 1727vs, 1532m, 1452m, 1280s, 1240s, 1159m, 
1069s, 989m, 743s, 543m, 493m cm-1. 
7.5.8 Synthesis of [Rh(C6H4N3CH2CO2C4H2S1CO2CH2C6H4N3)(CO)Cl]2 (8) 
N
N
N N
N
N
O O
OO
S
N
N
NN
N
N
O
O O
S
Rh Rh
Cl
OC
Cl
OC
 
A solution of [Rh(CO)2Cl]2 (100 mg, 0.26 mmol) and 4 (248 mg, 0.57 
mmol) in toluene (20 ml) was stirred at room temperature for 2h. The solution 
was filtered then evaporated to dryness.  The resulting yellow solid was washed 
with ether (10 ml) and dried under vacuum (240 mg, 77%).  
Elemental analysis (%) calculated for C42H28Cl2N12O10Rh2S2 (1201.6): C 
41.98, H 2.35, N 13.99; found C 42.25, H 2.27, N 13.81; IR (KBr): 3035vw, 
2975w, 2086s, 2013vs, 1727vs, 1529m, 1455m, 1237s, 1159m, 1070s, 984m, 746s, 
493m cm-1; ESI-MS: m/z: 1220 [M + H2O]; 1H NMR (200 MHz, [D6]Acetone, 
21°C): δ = 8.35 (d, 4H), δ = 8.20 (d, 4H), δ = 7.91 (s, 4H), δ = 7.80 (m, 4H), δ = 
7.67 (m, 4H), δ = 7.09 (s, 8H); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 
183.52, 160.35, 145.89, 138.18, 135.74, 133.42, 129.58, 125.98, 120.09, 111.66, 
70.16. 
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7.5.9 Synthesis of [Ir(C6H4N3CH2CO2C4H2SCO2CH2C6H4N3)(CO)Cl]2 (9) 
N
N
N N
N
N
O O
OO
S
N
N
NN
N
N
O
O O
S
Ir Ir
Cl
OC
Cl
OC
 
A solution of [Ir(cod)Cl]2 (175 mg, 0.26 mmol) and thiophene-2,5-
di(carboxylatomethylenebenzotriazole) 4 (248 mg, 0.57 mmol) in toluene (20 ml) 
was stirred at reflux for 12h under 1 bar of carbon monoxide. The solution was 
filtered and then evaporated to dryness.  The resulting yellow-orange solid was 
washed with ether (10 ml) and dried under vacuum (240 mg, 67%).  
Elemental analysis (%) calculated for C42H28Cl2Ir2N12O10S2 (1380.2): C 
36.6, H 2.0; found C 36.9, H 2.2; IR (KBr): 3324m, 3071vw, 2928s, 2852m, 2074s, 
1990vs, 1727vs (C=O ester), 1584vw, 1527m, 1454m, 1234m, 1070m, 744m, 
634m cm1; ESI-MS: m/z: 1380 [M]+; 1H NMR (200 MHz, [D6]Acetone, 21°C): δ 
= 8.17 (d, 4H), δ = 7.86 (s, 4H), δ = 7.81 (m, 4H), δ = 7.6 (m, 4H), δ = 7.05 (s, 
8H); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 160.37, 145.36, 138.23, 135.14, 
132.82, 129.73, 125.52, 120.52, 111.23, 69.82. 
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7.5.10 Synthesis of Rh[C6H4N3CH2CO2C6H4PPh2]2(CO)Cl (10) 
N
N
N
O
O
N
N
N
O
O
PPh2
PPh2
Cl
Rh
CO
 
A solution of [Rh(CO)2Cl]2 (50 mg, 0.13 mmol) and 5 (246 mg, 0.56 mmol) 
in acetonitrile (20 ml) was stirred at room temperature for 2h. Then the solvent 
was removed under reduced pressure. The resulting yellow solid was washed with 
ether (10 ml) and dried under vacuum (210 mg, 0.20 mmol, 78 %).  
Elemental analysis (%) calculated for C53H40Cl1N6O5P2Rh1 (1041.2): C 
61.1, H 3.9; found C 61.5, H 4.1; IR (KBr): 3058m, 2926m, 1949vs, 1730vs (C=O 
ester), 1480w, 1452vw, 1435s, 1275s, 1156m, 1096s, 1055m, 986m, 962m, 743s, 
696s cm-1; ESI-MS : m/z: 844 [M-Cl]+; 1H NMR (200 MHz, [D6]Acetone, 21°C): δ 
= 8.04 (m, 4H; ArH), δ = 7.83 (m, 8H, ArH), δ = 7.45 (m, 22H; ArH), 7.17 (m, 
2H; ArH), 6.74 (s, 4H; -CH2); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 
171.25, 153.62, 144.80, 144.42, 138.54-125.20, 68.62, 49.92; 31P NMR (81 MHz, 
[D6]Acetone, 21°C) : 33.7 (d, 1J(103Rh-31P) = 136 Hz). 
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7.5.11 Synthesis of [Rh(C6H4N3CH2CO2C4H2SCO2CH2C6H4N3)(CO)I3]4 (11) 
N
N
N
N
N
N
O
O
O
O
Rh Rh
I
I
I
I
I
I
OC
CO
Rh Rh
I
I
I
I
I
I
CO
CO
N
N
N
N
N
N
O
O
O
O
S
S
 
A solution of 4 (100 mg, 0.08 mmol), ethanoic acid (1 ml) and 
iodomethane (1 ml) were dissolved in acetone (20 ml) under an atmosphere of 
carbon monoxide. After heating at reflux for 1h, the resulting brownish solution 
was filtered and then the solvent was evaporated to dryness. The remaining red-
brown solid was washed with ether and dried in vacuo (388 mg, 59%).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of an acetone solution. IR (KBr): 3035vw, 2975w, 2059s, 1729vs, 
1524m, 1455m, 1246s, 1076s, 746s, 519m cm-1; 1H NMR (200 MHz, [D6]DMSO, 
21°C): δ = 8.65 (d, 4H), δ = 8.53 (d, 4H), δ = 8.01-7.88 (m, 12H), δ = 7.15 (s, 
8H); 13C NMR (50 MHz, [D6]DMSO, 21°C): δ = 192.53, 160.26, 147.04, 138.56, 
134.93, 133.40, 129.21, 125.50, 120.11, 111.66, 70.28. 
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7.6 Compounds of Chapter 3 
7.6.1 Synthesis of  [HNEt3][(C5H5)Fe(C5H4PS2OCH2C6H4N3)] (anion 12) 
O
P
S
S
N
N
N
Fe
-
HNEt3+
 
A solution of [(C5H5)2Fe(C5H4)]2P2S4 (2.6 g, 4.6 mmol), 
hydroxymethylbenzotriazole (1.4 g, 9.3 mmol) and triethylamine (1.3 ml, 9.3 
mmol) in tetrahydrofuran (50 ml) was stirred at room temperature. After 3h the 
solvent was removed under reduced pressure. The resulting yellow-green solid was 
washed with acetone (2 × 25 ml), toluene (10 ml) and dried under vacuum (2.3 g, 
94%).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:1 CH2Cl2/pentane solution; Elemental analysis (%) calculated 
for C23Fe1H31N4O1P1S2 (530.5): C 52.1, H 5.9; found C 52.3, H 5.9; IR (KBr): 
3062vw, 2940w, 1609w, 1495m, 1469m, 1455m, 1382m, 1313m, 1269m, 1173m, 
1162m, 1130w, 1106m, 1039vs, 1016s, 925w, 896vw, 808vs, 753s, 665vs, 636m, 
588s, 502m, 483m, 452m, 433w cm-1; 31P NMR (81 MHz, CDCl3, 21°C): δ = 
110.16 (t; 3JH-P = 8.5 Hz); 1H NMR (200 MHz, CDCl3, 21°C): δ = 7.99 (d, 1H), δ 
= 7.77 (d, 1H), δ = 7.44 (t, 1H), δ = 7.34 (t, 1H), δ = 6.42 (d, 2H; 3JH-P = 8.5 Hz), 
δ = 4.65 (s, 2H), δ = 4.30 (s, 2H), δ = 4.26 (s, 5H), δ = 3.20 (q, 6H), δ = 1.33 (t, 
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9H); 13C NMR (50 MHz, CDCl3, 21°C): δ = 146.51, 133.38, 127.94, 124.59, 
119.90, 111.38, 72.20, 72.05, 71.18, 71.15, 70.91, 70.80, 46.50, 9.05.  
7.6.2 Synthesis of Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]2 (13) 
Ni
S
S
P
S
S
P
O
N
N
N
O
N
N
N
Fe
Fe
 
A solution of NiCl2  (100 mg, 0.77 mmol) and [NEt3H]12 (1.02 g, 1.93 
mmol) in acetonitrile/water (1 : 1, 30 ml) was stirred at room temperature for 2h. 
The red-brown precipitate was isolated by filtration, washed with acetonitrile (10 
ml) and dried in vacuo (625 mg, 89%).  
Elemental analysis (%) calculated for C34H30Fe2N6Ni1O2P2S4 (915.2): C 
44.6, H 3.3; found C 44.2, H 3.5; 31P NMR (81 MHz, [D6]DMSO, 21°C): δ = 
107.3 (s); 1H NMR (200 MHz, [D6]DMSO, 21°C): δ = 7.98 (dd, 2H), δ = 7.49 (t, 
1H), δ = 7.37 (t, 1H), δ = 6.31 (d, 2H), δ = 4.37 (s, 2H), δ = 4.14 (s, 2H), δ = 4.12 
(s, 5H); 13C NMR (50 MHz, [D6]DMSO, 21°C): δ = 146.38, 133.48, 128.24, 
124.92, 119.83, 112.35, 72.26, 72.05, 70.70, 70.15, 70.05.  
7.6.3 Synthesis of Ni(C4Me4)[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]Cl (14) 
O
P
S
S
N
N
N
Ni
Fe
Cl
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A solution of [Ni(C4Me4)Cl2]2  (100 mg, 0.21 mmol) in chloroform (10 ml) 
was added dropwise to a solution of the triethylammonium salt of 12 (300 mg, 
0.47 mmol) in the same solvent (10 ml). The resulting solution was stirred at room 
temperature for 2h, then the solvent was removed under reduced pressure. The 
residue was extracted with acetone (10 ml), the solution was filtered and then the 
solvent was evaporated to dryness.  The remaining purple solid was washed with 
hexane (20 ml) and dried in vacuo (94 mg, 75%).  
Elemental analysis (%) calculated for C25Fe1H27N3Ni1O1P1S2 (595.1): C 
50.4, H 4.5; found C 50.1, H 4.6; 31P{1H} NMR(CDCl3): δ = 104.1 (s); 1H NMR 
(200 MHz, CDCl3, 21°C): δ = 8.18 (d, 1H), δ = 8.04 (d, 1H), δ = 7.55 (t, 1H), δ = 
7.38 (t, 1H), δ = 6.73 (d, 2H; 3JH-P = 8.5 Hz), δ = 4.44 (s, 2H), δ = 4.37 (s, 2H), δ 
= 4.01 (s, 5H); 13C NMR (50 MHz, CDCl3, 21°C): δ = 146.45, 133.25, 128.50, 
124.87, 120.04, 111.60, 105.62, 72.07, 71.94, 71.23, 71.07, 70.44, 31.37, 11.18.  
7.6.4 Synthesis of Rh(cod)[(C5H5)Fe(C5H4PS2OCH2C6H4N3)] (15) 
S
S
P Rh
O
N
N
N
Fe
 
100 mg (0.2 mmol) of [Rh(cod)Cl]2  and 320 mg (0.5 mmol) of [NEt3H]12 
were dissolved in dichloromethane (20 ml). The resulting solution was stirred at 
room temperature for 2h, and then the solvent was removed under reduced 
pressure. The residue was extracted with diethyl ether (20 ml), the solution was 
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filtered and then the solvent was evaporated to dryness.  The remaining orange 
solid was washed with hexane (10 ml) and dried in vacuo (105 mg, 82%).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:3 CH2Cl2/pentane solution; Elemental analysis (%) calculated 
for C25Fe1H27N3O1P1Rh1S2 (639.4): C 46.9, H 4.2; found C 46.9, H 4.6; 
31P{1H}NMR([D6]acetone): δ = 110.1 (d; 2JRh-P = 12.8 Hz); 1H NMR (200 MHz, 
[D6]Acetone, 21°C): δ = 8.17 (d, 1H), δ = 8.13 (d, 1H), δ = 7.73 (t, 1H), δ = 7.52 
(t, 1H), δ = 6.76 (d, 2H; 3JH-P = 11.0 Hz), δ = 4.30 - 4.59 (m, 9H); 13C NMR (50 
MHz, [D6]Acetone, 21°C): δ = 146.55, 133.35, 128.65, 127.04, 124.78, 120.10, 
111.08, 72.40, 72.15, 71.38, 71.17, 71.01, 70.83, 29.05.  
7.6.5 Synthesis of Rh(CO)2[(C5H5)Fe(C5H4PS2OCH2C6H4N3)] (16) 
S
S
P Rh
O
N
N
N
CO
CO
Fe
 
A solution of [Rh(CO)2Cl]2 (100 mg, 0.26 mmol) and [NEt3H]12 (410 mg, 
0.65 mmol) in acetonitrile (20 ml) was stirred at room temperature for 2h. Then 
the solvent was removed under reduced pressure. The residue was dissolved in 
acetone (10 ml), the solution was filtered then evaporated to dryness.  The 
resulting orange solid was washed with hexane (10 ml) and dried under vacuum 
(115 mg, 76%).  
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Elemental analysis (%) calculated for C19Fe1H15N3O3P1Rh1S2 (587.2): C 
38.9, H 2.6; found C 38.6, H 2.8; IR (KBr): 3067vw, 2953w, 1614w, 1494m, 
1454m, 1388m, 1289m, 1187m, 1151m, 1000vs, 970s, 858s, 753s, 601m, 583m, 
503m, 481m, 452m, 432 w cm-1.- 31P{1H} NMR([D6]acetone): δ = 123.1 (d; 2JRh-P 
= 12.8 Hz); 1H NMR (200 MHz, [D6]Acetone, 21°C): δ = 8.17 (d, 1H), δ = 8.13 
(d, 1H), δ = 7.76 (t, 1H), δ = 7.59 (t, 1H), δ = 6.88 (d, 2H; 3JH-P = 11.9 Hz), δ = 
4.59 (m, 4H), δ = 4.18 (s, 5H); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 
184.29 (d), 182.44 (d), 146.60, 133.33, 128.84, 125.19, 120.20, 111.05, 72.91, 72.78, 
71.64, 71.46, 71.32, 71.29, 70.76.  
7.6.6 Synthesis of Ni[(C5H5)Fe(C5H4PS2O)]2 (17) 
Ni
S
S
P
S
S
P
O
OFe
Fe
2-
 
100 mg (0.77 mmol) of NiCl2 and 1.02 g (1.93 mmol) of [NEt3H]12 were 
dissolved in acetonitrile/water (1 : 1, 20 ml). After heating at reflux for 1h, the 
resulting brownish solution was filtered and then the solvent was evaporated to 
dryness. The remaining brown-orange solid was washed with the same mixture of 
solvents and dried in vacuo (388 mg, 59%).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:3 acetone/pentane solution. Elemental analysis (%) calculated 
for C32H50Fe2N2Ni1O2P2S4 (855.3): C 44.9, H 5.9; found C 44.6, H 5.6; 31P NMR 
(81 MHz, CDCl3, 21°C): δ = 75.8 (s); 1H NMR (200 MHz, CDCl3, 21°C): δ = 
11.95 (s, 2H), δ = 4.74 (s, 4H), δ = 4.44 (s, 10H), δ = 4.33 (m, 4H), δ = 3.36 (m, 
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12H), δ = 1.50 (m, 15H); 13C NMR (50 MHz, CDCl3, 21°C): δ = 70.05, 45.99, 
9.17.  
7.7 Compound of Chapter 4 
7.7.1 Synthesis of Ph2PC6H4C(O)NH(CH2)2C(O)OC6H4PPh2 (18) 
NH
O
PPh2
O
O
Ph2P
 
A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,N-
dicyclohexylcarbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine (100 
mg, 0.82 mmol), 4-pyrrolidinopyridine (100 mg, 0.68 mmol) and  ethanolamine 
(0.1 mL, 1.62 mmol) in CH2Cl2 (40 mL) was allowed to stand at room temperature 
under nitrogen, until the esterification was complete. The resulting solution was 
filtered through Celite to remove N,N-dicyclohexyl urea, and the filtrate was 
concentrated under reduced pressure. The residue was chromatographed on a 
silica gel column (150 g), eluting with hexane/acetone (2/1). The product was 
isolated from the third fraction by evaporation of the solvent, giving 220 mg (0.33 
mmol, 20 %) of 18 as a white solid.  
Elemental analysis (%) calculated for C40H33N1O3P2 (637.6): C 75.3, H 5.2; 
found C 75.1, H 5.3; IR (KBr): 3283m, 3071vw, 3050vw, 3002vw, 2927s, 2852m, 
2119vw, 1695vs (C=O ester), 1645s (C=O amide), 1584vw, 1519s, 1432m, 
1349m, 1119m, 748m, 694m cm1; ESI-MS: m/z: 637 [M]+; 1H NMR (200 MHz, 
[D6]Acetone, 21°C): δ = 8.41 (s, 1H; -NH), δ = 7.50-7.19 (m, 28H, ArH), δ = 
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3.87-3.75 (m, 2H; -OCH2-), δ = 3.47-3.41 (m, 2H, N-CH2-); 13C NMR (50 MHz, 
[D6]Acetone, 21°C): δ = 170.73, 153.77, 144.90, 144.55, 137.74-126.10, 68.71, 
49.81; 31P NMR (81 MHz, [D6]Acetone, 21°C) : -12.47 (br s). 
7.7.2 Synthesis of Ph2PC6H4C(O)N(Ph)(CH2)2C(O)OC6H4PPh2 (19) 
NPh
O
PPh2
O
O
Ph2P
 
A solution of 2-diphenylphosphinobenzoic acid (1.12 g, 3.65 mmol), N,N-
dicyclohexyl-carbodiimide (900 mg, 4.36 mmol), 4-(dimethylamino)pyridine (100 
mg, 0.82 mmol), la 4-pyrrolidinopyridine (100 mg, 0.68 mmol) and  N-(2-
hydroxyethyl)-aniline (0.18 mL, 1.47 mmol) in CH2Cl2 (50 mL) was allowed to 
stand at room temperature under nitrogen, until the esterification was complete. 
The resulting solution was filtered through Celite to remove N,N-dicyclohexyl 
urea, and the filtrate was concentrated under reduced pressure. The residue was 
chromatographed on a silica gel column (150 g), eluting with hexane/diethyl ether 
(1/1). The product was isolated from the third fraction by evaporation of the 
solvent, giving 483 mg, (0.68 mmol, 46%) of 19as a white solid.  
Elemental analysis (%) calculated for C46H37N1O3P2 (713.7): C 77.4, H 5.2; 
found C 76.9, H 5.4; IR (KBr): 3441vw, 3053vw, 2927vw, 2852vw, 1717s (C=O 
ester), 1650s (C=O amide), 1586vw, 1494w, 1434m, 1268m, 1253s, 1141vw, 
1111w, 745s, 697vs cm-1; ESI-MS: m/z: 736 [M + Na]+; 1H NMR (200 MHz, 
[D6]DMSO, 21°C): δ = 7.88-6.81 (m, 33H, ArH), δ = 4.34 (br, 2H; -OCH2-), δ = 
4.16 (br, 2H; -NCH2-); 13C NMR (50 MHz, [D6]DMSO, 21°C): δ = 170.42, 
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166.54, 144.31-140.45, 138.40-137.66, 134.85-127.97, 63.04, 48.59; 31P NMR (81 
MHz, [D6]DMSO, 21°C) : -4.84 ppm, (s, phosphorus ester), -12.22 ppm (s, 
phosphorus amide). 
7.7.3 Syntheses of Ph2PC6H4CO2(CH2)2CO2C6H4PPh2 (20) and Ph2PC6H4 
CO2(CH2)2OH (21) 
O
O
PPh2
O
O
Ph2P
O
O
PPh2
OH
20 21  
A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,N-
dicyclohexyl-carbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine (100 
mg, 0.82 mmol), la 4-pyrrolidinopyridine (100 mg, 0.68 mmol) and  ethylene glycol 
(0.09 ml, 1.61 mmol) in CH2Cl2 (50 mL) was allowed to stand at room 
temperature under nitrogen, until the esterification was complete. The resulting 
solution was filtered through Celite to remove N,N-dicyclohexyl urea, and the 
filtrate was concentrated under reduced pressure. The residue was 
chromatographed on a silica gel column (150 g), eluting with hexane/diethyl ether 
(1/1). The products were isolated from the second (21) and the third (20) 
fractions, giving 772 mg (1.21 mmol, 75 %) of 20 and 100 mg (0.31 mmol, 19 %) 
of 21 as white solids.  
Analytical data for 20: Elemental analysis (%) calculated for C40H32O4P2 
(638.6): C 75.2, H 5.0; found C 75.4, H 5.4; IR (KBr): 3325w, 3052w, 2928m, 
2850m, 1715vs (C=O ester), 1626m, 1584w, 1435s, 1270vs, 1254vs, 1117m, 
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1056s, 989w, 746vs, 696vs cm-1; ESI-MS: m/z: 639 [M]+; 1H NMR (200 MHz, 
CDCl3, 21°C): δ = 8.10-7.20 (m, 28H, ArH), δ = 4.31 (t, 2H; -OCH2-; 3JH-H = 4.6 
Hz), δ = 3.72 (t, 2H; -OCH2-; 3JH-H = 4.6 Hz); 13C NMR (50 MHz, CDCl3, 21°C): 
δ = 167.59, 157.55, 139.06-125.04, 67.64, 61.16; 31P NMR (81 MHz, CDCl3, 
21°C) : - 4.21 (br s).  
Analytical data for 21: Elemental analysis (%) calculated for C21H19O3P1 
(350.3): C 72.0, H 5.5; found C 72.4, H 5.4; IR (KBr): 3328br, 2928w, 1708vs 
(C=O ester), 1627m, 1582w, 1462vw, 1437m, 1271vs, 1141m, 1109m, 1057s, 
749s, 699vs cm-1; ESI-MS: m/z: 350 [M]+; 1H NMR (200 MHz, CDCl3, 21°C): δ = 
8.10-6.92 (m, 14H, ArH), δ = 4.32 (s, 1H; -OH), δ = 3.95-3.87 (m, 2H; -OCH2-), 
δ = 3.52-3.48 (m, 2H; -C(O)OCH2-); 13C NMR (50 MHz, CDCl3, 21°C): δ = 
166.80, 154.19, 140.91, 138.30, 135.22-128.67, 63.21, 50.21; 31P NMR (81 MHz, 
CDCl3, 21°C) : - 3.71 (br s). 
7.7.4 Synthesis of Ph2PC6H4CO2(CH2)2O(CH2)2CO2C6H4PPh2 (22) 
O
O
Ph2P
O
O
PPh2
O
 
A solution of 2-diphenylphosphinobenzoic acid (1 g, 3.26 mmol), N,N-
dicyclohexyl-carbodiimide (2.7 g, 13.05 mmol), 4-(dimethylamino)pyridine (100 
mg, 0.82 mmol), la 4-pyrrolidinopyridine (100 mg, 0.68 mmol) and  diethylene 
glycol (0.16 ml, 1.63 mmol) in CH2Cl2 (50 mL) was allowed to stand at room 
temperature under nitrogen, until the esterification was complete. The resulting 
solution was filtered through Celite to remove N,N-dicyclohexyl urea, and the 
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filtrate was concentrated under reduced pressure. The residue was 
chromatographed on a silica gel column (150 g), eluting with hexane/diethyl ether 
(1/1). The product was isolated from the third fraction by evaporation of the 
solvent, giving 567 mg, (0.82 mmol, 51%) of 22 as a white solid.  
Elemental analysis (%) calculated for C42H36O5P2 (682.7): C 73.9, H 5.3; 
found C 73.6, H 5.6; IR (KBr): 3431m, 3054vw, 2928w, 2875w, 1718vs (C=O 
ester), 1650vw, 1584vw, 1479vw, 1434m, 1270s, 1254vs, 1117s, 1056m, 989vw, 
746s, 696s cm-1; ESI-MS: m/z: 705 [M + Na]+; 1H NMR (200 MHz, CDCl3, 
21°C): δ = 8.20-6.89 (m, 28H, ArH), δ = 4.31 (t, 4H; -OCH2-; 3JH-H = 4.8 Hz), δ 
= 3.60 (t, 4H; -(CO)OCH2-; 3JH-H = 4.8 Hz); 13C NMR (50 MHz, CDCl3, 21°C): δ 
= 167.92, 140.93, 140.43, 138.24, 138.03, 134.62-133.73, 132.27, 131.08, 131.03, 
129.16-128.51, 69.08, 64.42; 31P NMR (81 MHz, CDCl3, 21°C) : - 3.91 ppm (s). 
7.7.5  Synthesis of Rh[Ph2PC6H4C(O)NH(CH2)2CO2C6H4PPh2](CO)Cl (23) 
NH
O
Ph2
P
O
O
P
Ph2
Rh
OC
Cl
 
A solution of [Rh(CO)2Cl]2 (50 mg, 0.13 mmol) and 18 (89 mg, 0.14 mmol) 
in dichloromethane (20 ml) was stirred at room temperature for 2h. Then the 
solvent was removed under reduced pressure. The residue was dissolved in 
acetone (10 ml), the solution was filtered, then evaporated to dryness.  The 
resulting yellow solid was washed with hexane (10 ml) and dried under vacuum 
(62 mg, 0.08 mmol, 62 %).  
Chapter 7 
 138
Elemental analysis (%) calculated for C47H37Cl1N1O4P2Rh1 (804.0): C 61.2, 
H 4.1; found C 61.5, H 4.3; IR (KBr): 3441m, 2926m, 2852w, 1981vs, 1698vs 
(C=O ester), 1645vs (C=O amide), 1585w, 1494vw, 1435s, 1277s, 1092m, 748m, 
697vs cm-1; ESI-MS : m/z: 844 [M]; 1H NMR (200 MHz, [D6]Acetone, 21°C): δ = 
8.13 (s, 1H; -NH), δ = 7.72-7.19 (m, 28H, ArH), δ = 3.98-3.67 (m, 2H; -OCH2-), 
δ = 3.52-3.41 (m, 2H, N-CH2-); 13C NMR (50 MHz, [D6]Acetone, 21°C): δ = 
171.25, 153.62, 144.80, 144.42, 138.54-125.20, 68.62, 49.92; 31P NMR (81 MHz, 
[D6]Acetone, 21°C) : 35.2 (d, 1JRh-P = 159 Hz). 
7.7.6 Synthesis of Rh[Ph2PC6H4C(O)NPh(CH2)2CO2C6H4PPh2](CO)Cl (24) 
NPh
O
Ph2
P
O
O
P
Ph2
Rh
OC
Cl
 
A solution of [Rh(CO)2Cl]2 (50 mg, 0.13 mmol) and 19 (100 mg, 0.14 
mmol) in dichloromethane (20 ml) was stirred at room temperature for 2h. Then 
the solvent was removed under reduced pressure. The residue was dissolved in 
acetone (10 ml), the solution was filtered, then evaporated to dryness.  The 
resulting yellow solid was washed with hexane (10 ml) and dried under vacuum 
(71 mg, 0.08 mmol, 62 %).  
Elemental analysis (%) calculated for C47H37Cl1N1O4P2Rh1 (880.1): C 64.1, 
H 4.2; found C 64.5, H 4.3; IR (KBr): 3441m, 2926m, 2852w, 1971vs, 1718s 
(C=O ester), 1627vs (C=O amide), 1585w, 1494vw, 1435s, 1277s, 1092m, 747m, 
697vs cm-1; ESI-MS : m/z: 844 [M-Cl]; 1H NMR (200 MHz, CDCl3, 21°C): δ = 
8.03-6.25 (m, 33H, ArH), δ = 4.73-4.71 (br, 2H; -OCH2-), δ = 4.24-3.51 ppm (br, 
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2H; -NCH2-); 13C NMR (50 MHz, CDCl3, 21°C): δ = 170.42, 166.54, 144.31-
140.45, 138.40-137.66, 134.85-127.97, 63.04, 48.59; 31P NMR (81 MHz, CDCl3, -
60°C) : 45.1 (dd, 1JRh-P = 164 Hz, 2JP-P = 274 Hz), 46.9 (m). 
7.7.7 Synthesis of Rh[Ph2PC6H4CO2(CH2)2CO2C6H4PPh2](CO)Cl (25) 
O
O
Ph2
P
O
O
P
Ph2
Rh
OC
Cl
 
A solution of [Rh(CO)2Cl]2 (50 mg, 0.13 mmol) and 20 (240 mg, 0.38 
mmol) in acetonitrile (20 ml) was stirred at room temperature for 2h. The solution 
was filtered then, evaporated to dryness.  The resulting yellow solid was washed 
with ether (3 × 10 ml) and dried under vacuum (97mg, 0.12 mmol, 92%). 
Elemental analysis (%) calculated for C41H32Cl1O5P2Rh1 (805.1): C 61.2, H 
4.0; found C 60.9, H 4.2; IR (KBr): 3422w, 2927vw, 2850vw, 1965s, 1708vs (C=O 
ester), 1626m, 1572w, 1435m, 1275m, 1145vw, 1117vw, 1059vw, 747w, 694m cm-
1; ESI-MS: m/z: 805 [M]+; 1H NMR (200 MHz, CD2Cl2, 21°C): δ = 8.02-6.75 (m, 
28H, ArH), δ = 4.32 (t, 2H; -OCH2-; 3JH-H = 5.8 Hz), 3.98 (t, 2H; -OCH2-; 3JH-H = 
5.8 Hz); 13C NMR (50 MHz, CD2Cl2, 21°C): δ = 165.46, 134.59-130.54, 129.55, 
127.60, 66.40, 59.03; 31P NMR (81 MHz, CD2Cl2, 21°C) : 37.2 (d, 1JRh-P = 136.7 
Hz). 
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7.7.8 Synthesis of [Rh[Ph2PC6H4CO2(C4H8O)CO2C6H4PPh2](CO)Cl]2 (26) 
O
O
Ph2P
O
O
PPh2
O
Rh Rh
O
O
Ph2P
O
O
PPh2
O
OC ClCOCl
 
A solution of [Rh(CO)2Cl]2 (50 mg, 0.13 mmol) and 22 (178 mg, 0.26 
mmol) in acetonitrile (20 ml) was stirred at room temperature for 2h. The solution 
was filtered then evaporated to dryness.  The resulting yellow solid was washed 
with ether (3 × 10 ml) and dried under vacuum (84 mg, 0.10 mmol, 77%). Crystals 
suitable for X-ray diffraction analysis were grown by slow evaporation of a 1:3 
acetone/hexane solution.  
Elemental analysis (%) calculated for C86H72O12P4Rh2Cl2 (1698.1): C 60.8, 
H 4.3; found C 60.9, H 4.2; IR (KBr): 3423m, 2924w, 2875w, 1968vs, 1716vs 
(C=O ester), 1480vw, 1435m, 1275s, 1112m, 1063m, 748s, 696s cm-1; ESI-MS : 
m/z: 1698 [M]+; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.13-7.05 (m, 56H, ArH), 
δ = 4.25-4.04 (br, 8H; -OCH2-), 3.58-3.22 ppm (br, 8H; -OCH2-); 13C NMR (50 
MHz, CDCl3, 21°C): δ = 207.79, 166.36, 135.51-128.21, 72.51; 68.89, 64.40, 61.86; 
31P NMR (81 MHz, CDCl3, 21°C) : 34.89 (d, 1JRh-P = 136.7 Hz). 
7.7.9 Synthesis of Ir[Ph2PC6H4C(O)NH(CH2)2CO2C6H4PPh2](cod)Cl (27) 
NH
O
Ph2
P
O
O
P
Ph2
Ir
Cl
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A solution of [Ir(cod)Cl]2 (50 mg, 0.07 mmol) in dichloromethane (10 ml) 
was added to a solution of 18 (192 mg, 0.30 mmol) in the same solvent (10 ml). 
After refluxing for 12h, the resulting orange solution was filtered, and then the 
solvent was evaporated to dryness. The remaining yellow-orange solid was washed 
three times with ether and dried in vacuo (178 mg, 0.17 mmol, 60 %).  
Elemental analysis (%) calculated for C48H45Cl1Ir1N1O3P2 (973.5): C 59.2, 
H 4.7; found C 59.5, H 4.3; IR (KBr): 3438br, 3253m, 3053vw, 2928s, 2854m, 
1695vs (C=O ester), 1630vs (C=O amide), 1533m, 1451vw, 1434vw, 1367w, 
1346vw, 1093w, 747w, 697m cm-1; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.02 
(br s, 1H; -NH), δ = 8.06-7.02 (m, 40H, ArH), δ = 4.98-4.13 (br, 2H; -CH=CH- 
(cod)), δ = 3.66-3.32 (m, 4H; -OCH2- and -NCH2-), δ = 2.39-1.73 (m, 8H; -CH2- 
(cod)); 13C NMR (50 MHz, CDCl3, 21°C): δ = 179.11, 176.57, 166.45, 163.67, 
160.61, 154.85, 154.37, 139.88-124.58, 55.11, 50.64, 49.96, 49.55, 34.37, 32.25, 
31.23, 30.11, 29.77, 28.43, 26.73; 31P NMR (81 MHz, CDCl3, 21°C) : 20.93 (br s). 
7.7.10 Synthesis of Ir[Ph2PC6H4C(O)NPh(CH2)2CO2C6H4PPh2](cod)Cl (28) 
NPh
O
Ph2
P
O
O
P
Ph2
Ir
Cl
 
A solution of [Ir(cod)Cl]2 (50 mg, 0.07 mmol) in toluene (10 ml) was added 
dropwise to a solution of 19 (214 mg, 0.30 mmol) in the same solvent (10 ml). 
After refluxing for 12h, the resulting orange solution was filtered, and then the 
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solvent was evaporated to dryness. The remaining yellow-orange solid was washed 
three times with ether and dried in vacuo (96 mg, 0.09 mmol, 65 %). 
Elemental analysis (%) calculated for C54H49O3P4Ir1Cl1N1 (1049.6): C 61.8, 
H 4.7; found C 61.9, H 4.3; IR (KBr): 3427vw, 2928m, 2851w, 1717s (C=O ester), 
1651s (C=O amide), 1583w, 1234m, 1272s, 1142m, 1056m, 746s cm-1; ESI-MS: 
m/z: 1049 [M]+; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.01-6.89 (m, 33H, ArH), 
δ = 4.80 (br, 2H; -CH=CH- (cod)), δ = 4.25 (br, 2H; -OCH2-), δ = 3.49 (br, 2H; -
NCH2-), δ = 3.35 m, 2H; -CH=CH- (cod)), δ = 2.20-1.80 (m, 8H; -CH2- (cod)); 
13C NMR (50 MHz, CDCl3, 21°C): δ = 170.21, 167.32, 136.53-128.64, 68.30, 
60.24, 33.46, 32.17, 29.94, 29.63, 22.95; 31P NMR (81 MHz, CDCl3, 21°C) : 21.64 
(br s). 
7.7.11 Synthesis of Ir[Ph2PC6H4CO2(CH2)2CO2C6H4PPh2](cod)Cl (29) 
O
O
Ph2
P
O
O
P
Ph2
Ir
Cl
 
A solution of [Ir(cod)Cl]2 (50 mg, 0.07 mmol) in toluene (10 ml) was added 
dropwise to a solution of 20 (192 mg, 0.30 mmol) in the same solvent (10 ml). 
After refluxing for 12h, the resulting orange solution was filtered, and then the 
solvent was evaporated to dryness. The remaining yellow-orange solid was washed 
three times with ether and dried in vacuo (96 mg, 0.10 mmol, 71 %).  
Elemental analysis (%) calculated for C48H44Cl1Ir1O4P2 (974.5): C 59.2, H 
4.5; found C 59.3, H 4.7; IR (KBr): 3427br, 2928m, 2851w, 1710s (C=O ester), 
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1626m, 1583w, 1234m, 1272s, 1142m, 1056m, 746s cm-1; ESI-MS : m/z: 1059 [M 
+ CH2Cl2]+; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.20-6.89 (m, 28H, ArH), δ 
= 4.90 (br, 2H; -CH=CH- (cod)), δ = 4.44-4.40 (br, 2H; -OCH2-), δ = 4.09 (br, 
2H; -OCH2-), δ = 3.49 (m, 2H; -CH=CH- (cod)), δ = 2.20 ppm (m, 8H; -CH2- 
(cod)); 13C NMR (50 MHz, CDCl3, 21°C): δ = 167.64, 135.43-128.34, 68.30, 60.24, 
33.46, 32.17, 29.94, 29.63, 22.95; 31P NMR (81 MHz, CDCl3, 21°C) : 20.43 (br s). 
7.7.12 Synthesis of Ir[Ph2PC6H4C(O)NH(CH2)2CO2C6H4PPh2](CO)Cl (30) 
NH
O
Ph2
P
O
O
P
Ph2
Ir
Cl
OC  
An orange solution of 27 (100 mg, 0.10 mmol) in dichloromethane (50 ml) 
was stirred at room temperature under CO. After 5min the resulting yellow 
solution was filtered, and then the solvent was evaporated to dryness. The 
remaining yellow solid was washed three times with ether/pentane (5 : 1, 10 ml), 
three times with pentane (10 ml) and dried in vacuo (45 mg, 0.05 mmol, 50 %).  
Elemental analysis (%) calculated for C43H36Cl1Ir1O6P2 (893.3): C 55.1, H 
3.7; found C 54.8, H 4.0; IR (KBr): 3283m, 3053vw, 2925vw, 1950 vs, 1695vs 
(C=O ester), 1645s (C=O amide), 1295m, 1275s, 1112m, 749w, 744s, 694s cm-1; 
1H NMR (200 MHz, CDCl3, 21°C): δ = 8.05 (br s, 1H; -NH), δ = 8.10-7.05 (m, 
40H, ArH), δ = 3.68-3.30 (m, 4H; -OCH2- and -NCH2-); 13C NMR (50 MHz, 
CDCl3, 21°C): δ = 180.13, 176.57, 166.45, 163.67, 160.61, 154.85, 154.37, 139.88-
124.58, 55.11, 50.64; 31P NMR (81 MHz, CDCl3, 21°C) : 27.10 (br s). 
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7.7.13 Synthesis of Ir[Ph2PC6H4C(O)NPh(CH2)2CO2C6H4PPh2](CO)Cl (31) 
NPh
O
Ph2
P
O
O
P
Ph2
Ir
Cl
OC  
An orange solution of 28 (100 mg, 0.10 mmol) in dichloromethane (50 ml) 
was stirred at room temperature under CO. After 5min the resulting yellow 
solution was filtered, and then the solvent was evaporated to dryness. The 
remaining yellow solid was washed three times with ether/pentane (5 : 1, 10 ml), 
three times with pentane (10 ml) and dried in vacuo (40 mg, 0.041 mmol, 41 %).  
Elemental analysis (%) calculated for C43H36Cl1Ir1O6P2 (969.4): C 58.2, H 
3.8; found C 58.0, H 4.1; IR (KBr): 3422vw, 3053vw, 2925vw, 1951 vs, 1718vs 
(C=O ester), 1650s (C=O amide), 1295m, 1275s, 1112m, 749w, 744s, 694s cm-1; 
1H NMR (200 MHz, CDCl3, 21°C): δ = 8.01-6.89 (m, 33H, ArH), δ = 4.25 (br, 
2H; -OCH2-), δ = 3.49 (br, 2H; -NCH2-); 13C NMR (50 MHz, CDCl3, 21°C): δ = 
170.21, 167.32, 136.53-128.64, 68.30, 60.24; 31P NMR (81 MHz, CDCl3, 21°C) : 
27.93 (br s). 
7.7.14 Synthesis of Ir[Ph2PC6H4CO2(CH2)2CO2C6H4PPh2](CO)Cl (32) 
O
O
Ph2
P
O
O
P
Ph2
Ir
Cl
OC  
An orange solution of 29 (100 mg, 0.10 mmol) in dichloromethane (50 ml) 
was stirred at room temperature under CO. After 5min the resulting yellow 
solution was filtered, and then the solvent was evaporated to dryness. The 
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remaining yellow solid was washed three times with ether/pentane (5 : 1, 10 ml), 
three times with pentane (10 ml) and dried in vacuo (45 mg, 0.05 mmol, 50 %).  
Elemental analysis (%) calculated for C43H36Cl1Ir1O6P2 (894.3): C 55.0, H 
3.6; found C 54.6, H 4.2; IR (KBr): 3422vw, 3053vw, 2925vw, 1944 vs, 1720vs 
(C=O ester), 1434s, 1295m, 1275s, 1112m, 749w, 744s, 694s cm-1; ESI-MS : m/z: 
894 [M]+; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.22-6.90 (m, 28H, ArH), δ = 
4.40-4.29 (m, 2H; -OCH2-), δ = 3.74-3.71 (m, 2H; -OCH2-); 13C NMR (50 MHz, 
CDCl3, 21°C): δ = 167.64, 135.43-128.34, 68.30, 60.24; 31P NMR (81 MHz, 
CDCl3, 21°C) : 27.52 (br s). 
7.7.15 Synthesis of Ir[Ph2PC6H4CO2(CH2)2OH](cod)Cl (33) 
O
O
Ph2
P
OH
Ir
Cl
 
A solution of [Ir(cod)Cl]2 (50 mg, 0.07 mmol) in dichloromethane (10 ml) 
was added dropwise to a solution of 21 (52 mg, 0.15 mmol) in the same solvent 
(10 ml). Then the solution was heated to reflux for 12h. After filtration of the 
cooled down solution, the solvent was evaporated to dryness. The remaining 
yellow-orange solid was washed three times with ether and dried in vacuo (96 mg, 
0.10 mmol, 71 %).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:3 acetone/hexane solution. Elemental analysis (%) calculated 
for C29H31Cl1Ir1O3P1 (686.2): C 50.8, H 4.5; found C 50.9, H 4.2; IR (KBr): 
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3340br, 2932w, 1705vs (C=O ester), 1627w, 1437vw, 1368vw, 1274vs, 1144m, 
1095m, 105ws, 747m, 694s cm-1; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.15-
6.80 (m, 14H, ArH), δ = 4.91 (m, 2H; -CH=CH- (cod)), δ = 4.42 (m, 2H; -
CH=CH- (cod)), δ = 4.10-4.06 (m, 2H; -(CO)OCH2-), δ = 3.68-3.66 (m, 2H; -
OCH2-), δ = 2.42-2.20 ppm (m, 8H; -CH2- (cod)); 13C NMR (50 MHz, CDCl3, 
21°C): δ = 166.80, 154.19, 140.91, 138.30, 135.22-128.67, 63.21, 50.21; 31P NMR 
(81 MHz, CDCl3, 21°C) : 20.28 (br s). 
7.7.16 Synthesis of Ir[Ph2PC6H4CO2(CH2)2OH](CO)2Cl (34) 
O
O
Ph2
P
OH
Ir
Cl
OC
CO
 
An orange solution of 33 (100 mg, 0.15 mmol) in dichloromethane (50 ml) 
was stirred at room temperature under CO. After 5min the resulting yellow 
solution was filtered, and then the solvent was evaporated to dryness. The 
remaining yellow solid was washed three times with ether/pentane (5 : 1, 10 ml), 
three times with pentane (10 ml) and dried in vacuo (57 mg, 0.09 mmol, 60 %).  
Elemental analysis (%) calculated for C23H19Cl1Ir1O5P1 (634.0): C 43.6, H 
3.0; found C 44.0, H 3.2; IR (KBr): 3440vw, 3054vw, 2067.2, 1985vs, 1707s (C=O 
ester), 1647m, 1579w, 1435s, 1277s, 746s cm-1.cm-1; 1H NMR (200 MHz, CDCl3, 
21°C): δ = 8.22-6.90 (m, 28H, ArH), δ = 4.40-4.29 (m, 2H; -OCH2-), δ = 3.74-
3.71 (m, 2H; -OCH2-); 13C NMR (50 MHz, CDCl3, 21°C): δ = 167.64, 135.43-
128.34, 68.30, 60.24; 31P NMR (81 MHz, CDCl3, 21°C): 27.52 (br s). 
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7.7.17 Synthesis of Pt[Ph2PC6H4C(O)N(Ph)(CH2)2C(O)OC6H4PPh2]I2 (35) 
NPh
O
Ph2
P
O
O
P
Ph2
Pt
I
I  
A solution of Pt(cod)I2 (50 mg, 0.09 mmol) and 19 (70 mg, 0.10 mmol) in 
dichloromethane (20 ml) was stirred at room temperature for 12h. Then the 
solvent was removed under reduced pressure. The resulting yellow solid was 
washed with hexane (10 ml) and dried under vacuum (70 mg, 0.06 mmol, 67 %).  
Crystals suitable for X-ray diffraction analysis were grown by slow 
evaporation of a 1:3 dichloromethane/hexane solution. Elemental analysis (%) 
calculated for C46H37NO3P2Pt (1162.6): C 47.5, H 3.2; found C 47.7, H 3.3; IR 
(KBr): 3432vw, 3054m, 2922s, 2848m, 1707s (C=O ester), 1619s (C=O amide), 
1593m, 1493m, 1480m, 1435s, 1252m, 1091m, 745m, 694vs, 520vs cm-1; ESI-MS : 
m/z: 849 [M]+; 1H NMR (200 MHz, CDCl3, 21°C): δ = 8.03-6.25 (m, 33H, ArH), 
δ = 4.73-4.71 (br, 2H; -OCH2-), δ = 4.24-3.51 ppm (br, 2H; -NCH2-); 13C NMR 
(50 MHz, CDCl3, 21°C): δ = 170.42, 166.54, 144.31-140.45, 138.40-137.66, 
134.85-127.97, 63.04, 48.59; 31P NMR (81 MHz, CDCl3, 21°C) : 11.92 (1J(195Pt-
31P) = 2702 Hz). 
7.8 Catalytic runs 
In a typical experiment, 24 mg (0.06 mmol) [Rh(CO)2Cl]2 and 0.12 mmol 
of ligand were dissolved in methanol (4.46 ml). To this solution, placed in a 100 
ml stainless steel autoclave, 11 mmol of iodomethane and 200 mmol of water 
were added. After purging three times with CO, the autoclave was pressurised 
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with carbon monoxide (25 bar) and heated to 170°C under vigorous stirring of the 
reaction mixture (900 rpm). After 20 min, the autoclave was cooled to room 
temperature, and the pressure was released. The solution was filtered and analysed 
by GC.  
Other catalytic runs were performed in the same way using the conditions 
specified in the corresponding tables. 
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Crystallographic Data 
Intensity data were collected on a Stoe Image Plate Diffraction system254 
using MoKα graphite monochromated radiation. The structure was solved by 
direct methods using the programme SHELXS-97.255 The refinement and all 
further calculations were carried out using SHELXL-97.256 The H-atoms were 
included in calculated positions and treated as riding atoms using SHELXL 
default parameters. The non-H atoms were refined anisotropically, using weighted 
full-matrix least-squares on F2. Structure calculations, checking for higher 
symmetry and preparations of molecular plots were performed with the 
PLATON257 package. Further experimental details are given in the following 
tables. 
Lists of atomic coordinates, anisotropic displacement parameters and 
crystallographic data (excluding structure factors) have been deposited with the 
Cambridge Crystallographic Data Centre, CCDC no. 179635 (1), 179636 (2), 
179637 (6), 173832  (7), 179638 (10), 160381 (11), 157385 (12 triethylammonium 
salt), 157386 (15), 157387 (17), CCDC 178634 (26), 178812 (33), 178813 (35), 
178933 (36a), and 178932 (36b). Copies of this information may be obtained free 
of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK 
(Fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www: 
http://www.ccdc.cam.ac.uk). 
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Table 20: Summary of X-ray single-crystal data for 1 
 
Empirical formula C13H10N4O2 
Crystal color Colorless 
Molecular mass 254.25 
Temperature [K] 223(2) 
Crystal system  Monoclinic 
Space group C 2/c 
a [Å] 11.3242(13) 
b [Å] 10.6104(15) 
c [Å] 19.8168(19) 
α[°] 90 
β[°] 97.432(8) 
γ[°] 90 
Volume [Å3] 2361.1(5) 
Z 8 
Dc [g cm-3] 1.431 
µ [mm-1] 0.101 
F (000) 1056 
θ range [°] 2.07-25.48 
Unique refl. with I > 2σ(I) 2204 
Final R1, wR2 (observed data) 0.0474, 0.0907  
Parameters/restraints 213/0 
GoF  1.129 
Residual density (max/min) [eÅ-3] 0.227/-0.164 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 21: Summary of X-ray single-crystal data for 2 
 
Empirical formula C18H15Fe1N3O2 
Crystal colour Orange 
Molecular mass 361.18 
Temperature [K] 223(2) 
Crystal system  Triclinic 
Space group P -1 
a [Å] 5.732(5) 
b [Å] 10.716(5) 
c [Å] 13.740(5) 
α[°] 109.809(5) 
β[°] 97.364(5) 
γ[°] 102.569(5) 
Volume [Å3] 756.0(8) 
Z 2 
Dc [g cm-3] 1.587 
µ [mm-1] 1.013 
F (000) 372 
θ range [°] 2.10-25.49 
Unique refl. with I > 2σ(I) 2802 
Final R1, wR2 (observed data) 0.0226, 0.0532 
Parameters/restraints 278/0 
GoF  1.101 
Residual density (max/min) [eÅ-3] 0.242/-0.240 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 22: Summary of X-ray single-crystal data for 6 
 
Empirical formula C36H30I2N6O4Co1  CH2Cl2 
Crystal colour Green 
Molecular mass 1120.02 
Temperature [K] 223(2) 
Crystal system Triclinic 
Space group P -1 
a [Å] 11.4520(13) 
b [Å] 12.614(2) 
c [Å] 15.5990(19) 
α[°] 98.605(14) 
β[°] 100.875(9) 
γ[°] 110.255(12) 
Volume [Å3] 2018.7(5) 
Z 2 
Dc [g cm-3] 1.843 
µ [mm-1] 2.823 
F (000) 1094 
θ range [°] 2.07-25.00 
Unique refl. with I > 2σ(I) 7103 
Final R1, wR2 (observed data) 0.0522, 0.1053 
Parameters/restraints 487/0 
GoF 1.067 
Residual density (max/min) [eÅ-3] 1.053/-1.316 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 23: Summary of X-ray single-crystal data for 7 
 
Empirical formula C23H21I2N6O4S1Co1 
Crystal colour Green 
Molecular mass 790.25 
Temperature [K] 153(2) 
Crystal system  Triclinic 
Space group P -1 
a [Å] 8.7294(7) 
b [Å] 12.8364(11) 
c [Å] 14.2166(12) 
α[°] 90.648(10) 
β[°] 91.198(10) 
γ[°] 95.957(10) 
Volume [Å3] 1583.9(2) 
Z 2 
Dc [g cm-3] 1.657 
µ [mm-1] 2.592 
F (000) 764 
θ range [°] 2.13-25.84 
Unique refl. with I > 2σ(I) 5713 
Final R1, wR2 (observed data) 0.0305, 0.0971 
Parameters/restraints 363/10 
GoF  1.073 
Residual density (max/min) [eÅ-3] 0.833/-0.514 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 24: Summary of X-ray single-crystal data for 10 
 
Empirical formula C53H40Cl1N6O5P2Rh1 
Crystal colour Yellow 
Molecular mass 1041.21 
Temperature [K] 153(2) 
Crystal system  Monoclinic 
Space group P 21/n 
a [Å] 9.8950(9) 
b [Å] 15.7363(10) 
c [Å] 15.0518(15) 
α[°] 90 
β[°] 94.107(12) 
γ[°] 90 
Volume [Å3] 2337.7(3) 
Z 2 
Dc [g cm-3] 1.479 
µ [mm-1] 0.548 
F (000) 1064 
θ range [°] 1.87-25.95 
Unique refl. with I > 2σ(I) 4434 
Final R1, wR2 (observed data) 0.0289, 0.0659  
Parameters/restraints 322/0 
GoF  0.918 
Residual density (max/min) [eÅ-3] 0.428/-0.457 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 25: Summary of X-ray single-crystal data for 11 
 
Empirical formula C66.5H73I12N12O19.5Rh4S2 
Crystal color Red-brown 
Molecular mass 3350.93 
Temperature [K] 153(2) 
Crystal system  triclinic 
Space group P-1 
a [Å] 27.693(2) 
b [Å] 14.3087(13) 
c [Å] 13.6096(11) 
α[°] 103.300(10) 
β[°] 80.091(10) 
γ[°] 79.420(10) 
Volume [Å3] 5027.9(7) 
Z 2 
Dc [g cm-3] 2.213 
µ [min-1] 4.434 
F (000) 3120 
θ range [°] 1.84-25.83 
Unique refl. with I > 2σ(I) 11752 
Final R1, wR2 (observed data) 0.0578, 0.1600 
Parameters/restraints 740/0 
GoF  1.009 
Residual density (max/min) [eÅ-3] 2.941/-2.508 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 26: Summary of X-ray single-crystal data for 12 
 
Empirical formula C23H31Fe1N4OPS2 
Crystal color Yellow 
Molecular mass 530.46 
Temperature [K] 153(2) 
Crystal system  monoclinic 
Space group C2/c 
a [Å] 11.9317(7) 
b [Å] 10.4665(9) 
c [Å] 39.806(2) 
α[°] 90 
β[°] 95.054(7) 
γ[°] 90 
Volume [Å3] 4951.7(6) 
Z 8 
Dc [g cm-3] 1.423 
µ [min-1] 0.866 
F (000) 2224 
θ range [°] 2.15-22.50 
Unique refl. with I > 2σ(I) 2944 
Final R1, wR2 (observed data) 0.0330, 0.0856 
Parameters/restraints 293/0 
GoF  1.009 
Residual density (max/min) [eÅ-3] 0.343/-0.288 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
 
 
Crystallographic Data 
 157
 
Table 27: Summary of X-ray single-crystal data for 15 
 
Empirical formula C26H29Cl2Fe1N3O1P1RhS2 
Crystal color Orange 
Molecular mass 724.27 
Temperature [K] 153(2) 
Crystal system  monoclinic 
Space group P21/c 
a [Å] 6.3599(4) 
b [Å] 20.1621(13) 
c [Å] 22.3423(15) 
α[°] 90 
β[°] 97.011(8) 
γ[°] 90 
Volume [Å3] 2843.5(3) 
Z 4 
Dc [g cm-3] 1.692 
µ [min-1] 1.508  
F (000) 1464 
θ range [°] 2.15-25.08 
Unique refl. with I > 2σ(I) 5346 
Final R1, wR2 (observed data) 0.0445, 0.0995 
Parameters/restraints 334/0 
GoF  0.857 
Residual density (max/min) [eÅ-3] 0.731/-1.279 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
 
 
Chapter 8 
 158
 
Table 28: Summary of X-ray single-crystal data for 17 
 
Empirical formula C32H50Fe2N2NiO2P2S4
Crystal color Brown 
Molecular mass 855.33 
Temperature [K] 153(2) 
Crystal system  monoclinic 
Space group P21/c 
a [Å] 8.9648(8) 
b [Å] 17.0764(13) 
c [Å] 12.0475(10) 
α[°] 90 
β[°] 90.991(10) 
γ[°] 90 
Volume [Å3] 1844.0(3) 
Z 2 
Dc [g cm-3] 1.540 
µ [min-1] 1.627  
F (000) 892 
θ range [°] 2.07-25.85 
Unique refl. with I > 2σ(I) 3348 
Final R1, wR2 (observed data) 0.0309, 0.0569  
Parameters/restraints 305/0 
GoF  0.836 
Residual density (max/min) [eÅ-3] 0.319/-0.371 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 29:  Summary of X-ray single-crystal data for 26 
 
Empirical formula C92H84Cl2O14P4Rh2 
Crystal color Yellow 
Molecular mass 1814.2 
Temperature [K] 153(2) 
Crystal system  Triclinic 
Space group P -1 
a [Å] 10.910(5) 
b [Å] 13.533(5) 
c [Å] 14.576(5) 
α[°] 89.327(5) 
β[°] 87.031(5) 
γ[°] 78.907(5) 
Volume [Å3] 2109.0(14) 
Z 2 
Dc [g cm-3] 1.428 
µ [mm-1] 0.595 
F (000) 932 
θ range [°] 0.931-25.87 
Unique refl. with I > 2σ(I) 7621 
Final R1, wR2 (observed data) 0.0327, 0.0430  
Parameters/restraints 516/0 
GoF  0.881 
Residual density (max/min) [eÅ-3] 0.985/-0.817 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 30: Summary of X-ray single-crystal data for 33 
 
Empirical formula C29H31Cl1Ir1O3P1
Crystal color Yellow 
Molecular mass 686.16 
Temperature [K] 153(2) 
Crystal system  Monoclinic 
Space group P 21/n 
a [Å] 10.2660(9) 
b [Å] 19.4528(17) 
c [Å] 13.2522(12) 
α[°] 90 
β[°] 105.411(10) 
γ[°] 90 
Volume [Å3] 2551.3(4) 
Z 4 
Dc [g cm-3] 1.786 
µ [mm-1] 5.431 
F (000) 1352 
θrange [°] 1.91-25.92 
Unique refl. with I > 2σ(I) 4766 
Final R1, wR2 (observed data) 0.0682, 0.0737 
Parameters/restraints 314/0 
GoF  0.970 
Residual density (max/min) [eÅ-3] 1.443/-0.806 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 31: Summary of X-ray single-crystal data for 35 
 
Empirical formula C46H37I2N1O3P2Pt1  CH2Cl2 
Crystal colour Orange 
Molecular mass 1247.52 
Temperature [K] 153(2) 
Crystal system  Triclinic 
Space group P-1 
a [Å] 11.8425(12) 
b [Å] 11.9247(11) 
c [Å] 18.5076(18) 
α[°] 93.712(12) 
β[°] 102.166(12) 
γ[°] 117.611(11) 
Volume [Å3] 2223.8(4) 
Z 2 
Dc [g cm-3] 1.863 
µ [mm-1] 4.777 
F (000) 1200 
θrange [°] 1.96-25.98 
Unique refl. with I > 2σ(I) 8067 
Final R1, wR2 (observed data) 0.0241, 0.0536 
Parameters/restraints 551/0 
GoF  0.910 
Residual density (max/min) [eÅ-3] 0.907/-0.968 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 32:  Summary of X-ray single-crystal data for 36a 
 
Empirical formula C50H43I4N1O5P2Rh2  3CH3COCH3 
Crystal color Red 
Molecular mass 1687.45 
Temperature [K] 153(2) 
Crystal system  Triclinic 
Space group P-1 
a [Å] 12.5407(12) 
b [Å] 14.7810(14) 
c [Å] 17.6206(17) 
α[°] 105.625(11) 
β[°] 98.237(11) 
γ[°] 99.102(11) 
Volume [Å3] 3046.0(5) 
Z 2 
Dc [g cm-3] 1.840 
µ [mm-1] 2.673 
F (000) 1636 
θ range [°] 1.98-25.98 
Unique refl. with I > 2σ(I) 11121 
Final R1, wR2 (observed data) 0.0749, 0.1382 
Parameters/restraints 358/0 
GoF  0.659 
Residual density (max/min) [eÅ-3] 1.495/-1.849 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Table 33: Summary of X-ray single-crystal data for 36b 
 
Empirical formula C50H43I4N1O5P2Rh2 
Crystal color Red 
Molecular mass 1513.21 
Temperature [K] 153(2) 
Crystal system  Triclinic 
Space group P-1 
a [Å] 13.436(5) 
b [Å] 14.749(5) 
c [Å] 18.551(5) 
α[°] 105.924(5) 
β[°] 98.502(5) 
γ[°] 107.114(5) 
Volume [Å3] 3272.4(19) 
Z 2 
Dc [g cm-3] 1.536 
µ [mm-1]  2.475 
F (000) 1444 
θ range [°] 2.10-25.88 
Unique refl. with I > 2σ(I) 11768 
Final R1, wR2 (observed data) 0.0567, 0.1732  
Parameters/restraints 504/0 
GoF  0.958 
Residual density (max/min) [eÅ-3] 6.619/-1.322 
 
R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|]; ωR2 = {[Σ(ω(Fo2-Fc2)2)/Σ(ωFo4)]1/2} 
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Chapter 11 
Summary 
The aim of the present work was to synthesize new multifunctional ligands, 
to study their coordination properties and to exploit their catalytic potential for 
the carbonylation of methanol. 
The first part of this thesis reports on the synthesis of new nitrogen-
containing ligands, which are known to be electron-rich ligands, based on the 
benzotriazole unit. The new benzotriazole ligands 1 - 5 are directly accessible by 
condensation methods from hydroxymethylbenzotriazole and the corresponding 
mono- or diacids.  
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The benzotriazole ligand 2 was found to coordinate easily to cobalt 
through the 3-N atom of the triazole unit to give complex 6. The single-crystal X-
ray structure analysis reveals that the cobalt(II) center is tetrahedrally coordinated 
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to two iodine atoms and to the 3-N nitrogen atoms of two monodentate triazole 
ligands.  
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The reaction of CoI2 with ligand 4 at room temperature yields the 
polymeric complex [Co(C6H4N3CH2CO2C4H2SCO2CH2C6H4N3)I2]n (7) almost 
quantitatively. The single-crystal X-ray structure analysis reveals 7 to be a 
coordination polymer, each cobalt(II) center being tetrahedrally coordinated to 
two iodine atoms and to the 3-N nitrogen atoms of 4 which acts as bridging 
ligand. 
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Ligand 4 was also found to coordinate easily to rhodium(I) or iridium(I) 
through the 3-N atom of the benzotriazole unit. Complex [Rh(4)(CO)Cl]2 (8) is 
obtained from [Rh(CO)2Cl]2 and 4 using a 1 : 2 ratio in diluted solution of toluene 
at room temperature, in order to avoid the formation of polynuclear species, as in 
the case of complex 7. Complex 8 separates into two isomers, the major isomer 
(8a) eluting as a brown band and the minor isomer (8b) eluting as a yellow band. 
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The iridium complex [Ir(cod)Cl]2 reacts analogously with two equivalents 
of 4 under carbon monoxide to give [Ir(4)(CO)Cl]2 (9) as orange solid. The 
phosphine-containing ligand 5 reacts with [Rh(CO)2Cl]2 to give the mononuclear 
complex trans-Rh[C6H4N3CH2CO2C6H4P(C6H5)2]2(CO)Cl (10) in high yield. 
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The single-crystal X-ray structure analysis of 10 shows the rhodium atom 
carrying two monophosphine ligands in trans position, one carbonyl ligand and 
one chloride, the metal atom being in a square-planar environment. 
For the carbonylation of methanol, the catalytic activity increases in the 
presence of the nitrogen-containing ligands synthesized. The most active 
combination is [Rh(CO)2Cl]2/4, even though the difference with [Rh(CO)2Cl]2/5 
is not significant. From the reaction mixture of the catalytic reaction we isolated 
the red-brown complex 11 by crystallisation of the organometallic residue from 
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acetone. In accordance with the suggestion that dissociation of phosphine ligands 
from phosphine complexes may occur during the catalytic process, in 11 a Rh-N 
bond cleavage has taken place. The facile conversion of 8 into 11 under ambient 
conditions demonstrates that fragmentation, ligand dissociation and 
rearrangement occur easily. 
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In the second part of this work, light is shed on the synthesis of a new 
phosphonodithioate ligand. The reaction of the ferrocene derivative of 
Lawessons reagent [(C5H5)2Fe(C5H4)]2P2S4 with hydroxymethylbenzotriazole 
leads, in the presence of triethylamine, to the formation of the anion 
[(C5H5)Fe(C5H4PS2OCH2C6H4N3]- (12) which is obtained as the yellow 
triethylammonium salt. 
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Ligand 12 was found to coordinate easily to nickel(II). The nickel complex 
Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]2 (13) is obtained from the room-
temperature reaction of 12 with anhydrous nickel(II) chloride.  
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In complex 13 the ligand 12 is coordinated in a bidentate fashion through 
the two sulfur atoms of the PS2 moiety and the benzotriazole unit is not bound to 
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the metal. Ligand 12 also reacts with other Ni(II) complexes: The reaction of the 
tetramethylcyclobutadiene complex [Ni(C4Me4)Cl2]2 with two equivalents of 12 
gives the nickel complex Ni(C4Me4)[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]Cl (14) in 
good yield. 
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Ligand 12 is also found to coordinate to rhodium(I). The 
phosphonodithioate ligand 12 (2 equivalents) reacts with [Rh(cod)Cl]2 to give the 
mononuclear complex Rh(cod)[(C5H5)Fe(C5H4PS2OCH2C6H4N3)] (15). 
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The single-crystal X-ray structure analysis of 15 shows that the complex is 
indeed mononuclear. The metal atom is in a square-planar environment and is 
coordinated by the two S atoms of one S,S-bidentate ligand. Carbon monoxide 
reacts in dichloromethane with 15 to give quantitatively (16). Similarly, the reaction 
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of [Rh(CO)2Cl]2 with two equivalents of 12 affords Rh[(C5H5)Fe(C5H4PS2OCH2-
C6H4N3)](CO)2 16.  
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The new phosphodithioate ligand 12 gives in combination with nickel(II) 
and rhodium(I) complexes, active catalysts for the carbonylation of methanol and 
seems to stabilize the unsaturated species involved in the catalytic process. On the 
other hand, the catalytic activity of the nickel systems increases in the presence of 
the sulfur ligand 12, but [Rh(CO)2I2]- still remains the most active species.  
After completion of the carbonylation reaction, the catalyst was recovered 
and from this reaction mixture we isolated the brown complex 
Ni[(C5H5)Fe(C5H4PS2O)]2 (17) by crystallization of the organometallic residue 
from acetonitrile. The single-crystal X-ray structure analysis of 17 reveals a square-
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planar complex, the metal being coordinated by the four S atoms of the two 
ligands. 
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In the third part of this thesis, we describe new trans-diphosphine 
complexes that contain trans-spanning bidentate tertiary phosphine ligands by a 
condensation route. The new phosphine ligands 18 - 22 have been synthesized 
from 2-diphenyl-phosphinobenzoic acid and the corresponding aminoalcohols or 
diols.  
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The diphosphine ligands 18 - 20 (2 equivalents) react with [Rh(CO)2Cl]2 to 
give the diphosphine complexes Rh(P-P)(CO)Cl (23: P-P = 18; 24: P-P = 19; 25: 
P-P = 20) in high yields. By contrast, the complex [Rh(CO)2Cl]2 reacts with two 
equivalents of 22  to give the dinuclear complex [Rh(P-P)(CO)Cl]2 (26) instead of 
the expected mononuclear metallacycle containing 16 ring members. 
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The single-crystal X-ray structure analysis of 26 shows the two rhodium 
atoms being bridged by two diphosphine ligands, maintaining the trans-P,P-
coordination geometry of each rhodium atom. 
The diphosphines 18 - 20 were also found to coordinate to iridium(I) 
through the two phosphorus atoms. The chloro complexes Ir(P-P)(cod)Cl (27: P-
P = 18; 28: P-P = 18; 29: P-P = 20) are directly obtained from [Ir(cod)Cl]2 and the 
corresponding diphosphine ligands. 
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Carbon monoxide reacts in dichloromethane with 27 - 29 to give almost 
quantitatively the carbonyl complexes 30 - 32. The analogous reaction of the 
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cyclooctadienechloro complex [Ir(cod)Cl]2 with two equivalents of 21 in 
dichloromethane gives the iridium complex Ir(21)(cod)Cl (33). The single-crystal 
X-ray structure analysis of 33 reveals a distorted square-planar coordination 
geometry of the iridium atom. 
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The trans coordination of the diphosphine ligands in the mononuclear 
complexes, assumed for 23 - 25, 27 - 29 and 30 - 32 on the basis of their 
spectroscopic data, was finally confirmed by a single-crystal X-ray structure 
analysis of the platinum complex Pt(19)I2 (35). Complex 35 is obtained almost 
quantitatively by the reaction of Pt(cod)I2 with the diphosphine ligand (19). The 
single-crystal X-ray structure analysis shows a square-planar coordination 
geometry of 35. The Pt atom is coordinated to two I atoms and to the two P 
atoms of the diphosphine ligand. 
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The results of the carbonylation of methanol show that the catalytic 
activity increases considerably in the presence of the diphosphine ligands 18, 19, 
20 or 22, ligand 19 being the most active one.  
The red complex 36 can be isolated from the organometallic residue of the 
catalytic reaction by crystallisation from acetone; it is also directly accessible from 
the reaction of 7 with methyliodide in acetone solution. Complex 36 exists in two 
isomers 36a and 36b, depending on the cis or trans arrangement of the two 
terminal iodo ligands at the two rhodium atoms. The two isomers present in 
solution are separated by fractional crystallization from acetone: 36a crystallizes 
rapidly, while 36b takes several hours to crystallize after elimination of 36a. 
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It is noteworthy that in both isomers 36a and 36b, the rhodium atoms do 
not have a square pyramidal but an octahedral coordination geometry, thanks to 
the carbonyl oxygen atoms of the ligand chain, as revealed by the single-crystal X-
ray structures analyses of 36a and 36b. 
On the basis of these observations, we propose a catalytic cycle for the 
mechanism of the carbonylation of methanol catalyzed by 24. Oxidative addition 
of iodomethane to 24 yields the rhodium(III) acetyl complex 36, presumably 
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through the intermediacy of the corresponding mononuclear methylrhodium(III) 
complex. The dinuclear complex isomers 36a and 36b formed by elimination of a 
diphosphine ligand may be considered as a reservoir for the active mononuclear 
species.  
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Of the three classes of multifunctional ligands synthesized, the ester 
diphosphine ligands seem to be the most promising one with respect to their 
coordination properties and to their catalytic potential. As the synthetic concept 
we developed for these ligands is very versatile, new ligands of this type can be 
designed without problems. 
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Chapter 12 
Résumé 
Le but de ce travail de thèse a été de synthétiser de nouveaux ligands 
multifonctionnels, détudier leurs propriétés de coordination et dexploiter leur 
potentiel catalytique pour la carbonylation du méthanol.  
La première partie de cette thèse a pour but la synthèse de nouveaux 
ligands azotés à unité benzotriazole. Les ligands 1 - 5 ont été obtenus directement 
par condensation à partir dhydroxymethylbenzotriazole et du monoacide ou du 
diacide correspondant. 
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Le ligand 2 peut se coordonner au cobalt(II) par latome 3-N de lunité 
benzotriazole. La structure aux rayons X révèle que le centre métallique est lié de 
façon tétraédrique à deux atomes diode et à deux atomes dazote de deux ligands. 
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Le ligand 2 se coordonne donc de façon monodentée par les atomes 3-N de 
lunité benzotriazole. 
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La réaction de CoI2 avec le ligand 4 à température ambiante permet la 
formation de lespèce polymérique [Co(C6H4N3CH2CO2C4H2SCO2CH2C6H4 
N3)I2]n (7). Le ligand 4 agit comme ligand pontant et non comme ligand bidenté. 
La résolution de la structure aux rayons X nous permet de confirmer la nature 
polymérique de 7, chaque atome de cobalt étant lié de façon tétraédrique à deux 
atomes diode et deux atomes dazote. 
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Le ligand 4 se coordonne également facilement au rhodium(I) et à 
liridium(I) par son atome dazote 3-N. Le complexe [Rh(4)(CO)Cl]2 (8) est obtenu 
à partir de [Rh(CO)2Cl]2 et du ligand 4 en utilisant un rapport 1 : 2 en solution 
diluée dans le toluène pour éviter la formation despèces polymériques, comme 
dans le cas de 7. Par chromatographie sur silice, on peut séparer deux isomères, 
lisomère majoritaire (8a) éluant sous forme dune bande brune et le produit 
minoritaire (8b) éluant sous forme dune bande jaune. 
N
N
N N
N
N
O O
OO
S
N
N
NN
N
N
O
O O
S
Rh Rh
Cl
OC
Cl
OC
[Rh(CO)2Cl]2
N
N
N N
N
N
O O
OO
S
N
N
N N
N
N
O O
OO
S
N
N
NN
N
N
O
O O
S
Rh Rh
Cl
OC
CO
Cl
8a
4
+     2
8b  
 
Chapter 12 
 188
Le complexe diridium [Ir(cod)Cl]2 réagit de façon analogue avec deux 
équivalents de 4 sous monoxide de carbone pour donner [Ir(4)(CO)Cl]2 (9). Le 
ligand monophosphine 5 réagit avec le complexe [Rh(CO)2Cl]2 pour donner le 
complexe mononucléaire trans-Rh[C6H4N3CH2CO2C6H4P(C6H5)2]2(CO)Cl (10). La 
structure aux rayons X montre que le complexe 10 possède un atome de rhodium 
dans un environnement carré-plan qui est lié à deux ligands phosphine, un ligand 
carbonyle et un ligand chlore. 
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Puis nous avons testé lactivité catalytique du précurseur [Rh(CO)2Cl]2 
associé à nos différents ligands azotés. La combinaison la plus active a été trouvée 
pour [Rh(CO)2Cl]2 / 4, même si la différence avec le système [Rh(CO)2Cl]2 / 5 
nest pas vraiment significative.  
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Le complexe rouge-brun (11) est isolé à partir de la solution catalytique par 
cristallisation dans lacétone. Il a déjà été suggéré que, durant le cycle catalytique 
de la carbonylation du méthanol, un ligand monophosphine pouvait se dissocier 
du complexe. Dans notre cas il y a clairement rupture dune liaison Rh-N. La 
conversion facile de 8 en 11 démontre quune fragmentation et un réarrangement 
peuvent facilement se produire pendant un cycle catalytique. 
Dans la seconde partie de ce travail, nous verrons la synthèse dun nouveau 
ligand phosphonodithioate. La réaction du dérivé ferrocénique du réactif de 
Lawesson [(C5H5)2Fe(C5H4)]2P2S4 avec lhydroxymethylbenzotriazole donne, en 
présence de triéthylamine, lanion [(C5H5)Fe(C5H4PS2OCH2C6H4N3]- (12) qui est 
obtenu sous forme dun sel jaune de triéthylammonium. 
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Le ligand 1 se coordonne facilement aux dérivés de nickel(II). En effet le 
complexe Ni[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]2 (13) est obtenu aisément à 
température ambiante par réaction du chlorure de nickel(II) avec le ligand 12. Le 
ligand 1 est coordonné de façon bidentée par ses deux atomes de soufre alors que 
lunité benzotriazole nest pas liante.  
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Le ligand 12 peut également réagir avec dautres complexes de nickel: la 
réaction du complexe [Ni(C4Me4)Cl2]2 avec deux équivalents de 12 permet la 
formation du complexe Ni(C4Me4)[(C5H5)Fe(C5H4PS2OCH2C6H4N3)]Cl (14). 
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Le dérivé phosphonodithioate 12 peut également facilement se lier au 
rhodium(I). En effet la réaction du dérivé de cyclooctadiène [Rh(cod)Cl]2 avec 
deux équivalents de ligand donne le complexe mononucléaire 
Rh(cod)[(C5H5)Fe(C5H4PS2OCH2C6H4N3)] (15). La résolution de la structure aux 
rayons X nous confirme que le complexe 15 est bien mononucléaire. Latome 
métallique se situe dans un environnement carré-plan et est lié à deux atomes de 
soufre dun même ligand.  
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On peut faire réagir le complexe 15 avec du monoxyde de carbone, ce qui 
donne quantitativement le complexe carbonylé Rh(CO)2[(C5H5)Fe(C5H4PS2O 
CH2C6H4N3)] (16). La réaction de [Rh(CO)2Cl]2 avec le ligand 12 conduit 
également au complexe 16. 
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Associé à des dérivés métalliques de nickel(II) et de rhodium(I), le ligand 12 
donne des catalyseurs actifs en carbonylation et semble ainsi stabiliser par 
coordination les complexes insaturés impliqués dans le procédé catalytique. 
Cependant, lactivité catalytique du système de nickel(II) reste inférieure à celle du 
système classique [Rh(CO)2I2]-. On peut isoler du milieu catalytique le complexe 
Ni[(C5H5)Fe(C5H4PS2O)]2 (17) par cristallisation du résidu organométallique dans 
lacétonitrile. La structure aux rayons X montre lenvironnement carré-plan du 
métal qui est lié à quatre atomes de soufre de deux ligands différents. 
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Dans la troisième partie, nous décrivons une nouvelle voie de synthèse de 
complexes portant des diphosphines trans. Les nouveaux ligands phosphine 18 - 
22 ont été synthétisés par condensation à partir de lacide 2-
diphénylphosphinobenzoïque et de laminoalcool ou du diol correspondant.  
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Les diphosphines 18 - 20 réagissent avec le précurseur [Rh (CO)2Cl]2 pour 
donner les complexes diphosphine Rh(P-P)(CO)Cl (23: P-P = 18; 24: P-P = 19; 
25: P-P = 20). Par contre, en faisant réagir [Rh(CO)2Cl]2 avec deux équivalents de 
diphosphine 22, on obtient le complexe dinucléaire (26) au lieu du métallacycle 
mononucléaire à 16 chaînons prévu. La structure aux rayons X montre que les 
deux atomes de rhodium sont pontés par deux ligands diphosphine en maintenant 
la géométrie de coordination trans pour chaque atome de rhodium. 
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Les diphosphines 18 - 20 peuvent également se lier à liridium(I) par les 
deux atomes de phosphore. Les complexes Ir(P-P)(cod)Cl (27: P-P = 18; 28: P-P 
= 19; 29: P-P = 20) sont obtenus à partir de [Ir(cod)Cl]2 et de la diphosphine 
correspondante. La réaction des complexes 27 - 29 avec le monoxide de carbone 
permet la formation des complexes carbonylés (30) - (32). 
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De la même façon, la réaction de [Ir(cod)Cl]2 avec deux équivalents de 21 
conduit au complexe diridium Ir(21)(cod)Cl (33). La résolution de la structure aux 
rayons X permet détablir lenvironnement carré-plan de latome diridium. 
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La coordination en trans de ces ligands diphosphine dans les complexes 
mononucléaires a été finalement confirmée par une structure aux rayons X du 
complexe de platine Pt(19)I2 (35). Le complexe 35 est obtenu par réaction de 
Pt(cod)I2 avec le  ligand diphosphine 19.  
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Lanalyse structurale montre une géométrie de coordination carré-plan 
pour 35. Latome de platine est coordonné à deux atomes diode et deux atomes 
de phosphore du ligand diphosphine. 
Les résultats des tests effectués en carbonylation du méthanol montrent 
que lactivité catalytique est considérablement augmentée en présence des ligands 
diphosphine 18, 19, 20 ou 22, le ligand 19 étant le plus efficace. Le complexe rouge 
36 peut être isolé à partir du résidu organométallique issu de la réaction catalytique 
par cristallisation dans lacétone.  
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On peut également lobtenir directement par réaction de 24 avec liodure 
de méthyle dans lacétone. Le complexe 36 existe sous la forme de deux isomères 
36a et 36b suivant larrangement cis ou trans des ligands terminaux iodo des deux 
atomes de rhodium.  
Les deux isomères présents en solution sont séparés par cristallisation 
fractionnée dans lacétone: 36a cristallise rapidement, alors que 36b met plusieurs 
heures à cristalliser après élimination de 36a. Il est à noter que, pour les deux 
isomères 36a et 36b, latome de rhodium présente comme prévu une géométrie de 
coordination octaédrique, grâce aux atomes doxygène des fonctions carbonyl du 
ligand. 
Daprès ces observations, nous pouvons proposer un cycle catalytique pour 
le mécanisme de carbonylation du méthanol catalysée par 24. Laddition oxydante 
de liodométhane sur 24 permets de former le complexe de rhodium(III) 36, 
vraisemblablement par lintermédiaire du complexe mononucléaire 
méthylrhodium(III) correspondant. Les isomères dinucléaires 36a et 36b, formés 
par élimination dun ligand diphosphine, peuvent être considérés comme réservoir 
à espèces actives mononucléaires.  
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 Des trois classes de ligands multifonctionnels synthétisés, les ligands 
diphosphine ester semblent être les plus prometteurs au regard de leurs propriétés 
de coordination et de leur potentiel catalytique. Etant donné que notre concept 
synthétique est très souple, de nouveaux ligands de ce type peuvent être élaborés 
très facilement.  
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La science est obscure - peut-être parce que la vérité est sombre. 
Victor Hugo (Faits et croyances) 
 
Une civilisation sans la Science, ce serait aussi absurde 
 qu'un poisson sans bicyclette. 
Pierre Desproges (Vivons heureux en attendant la mort) 
